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ABSTRACT

Chiral nature of an enantiomer can be characterized by circular dichroism (CD) spectroscopy, but such a technique usually suffers from
weak signal even with a sophisticated optical instrument. Recent demonstrations of plasmonic metasurfaces showed that chiroptical
interaction of molecules can be engineered, thereby greatly simplifying a measurement system with high sensing capability. Here, by
exploiting super-chiral field in a metasurface, we experimentally demonstrate high-sensitive vibrational CD spectroscopy of alanine enan-
tiomers, the smallest chiral amino acid. Under linearly polarized excitation, the metasurface consisting of an array of staggered Au nano-rods
selectively produces the left- and right-handed super-chiral fields at 1600 cm�1, which spectrally overlaps with the functional group vibra-
tions of alanine. In the Fourier-transform infrared spectrometer measurements, the mirror symmetric CD spectra of D- and L-alanine are
clearly observed depending on the handedness of the metasurface, realizing the reliable identification of small chiral molecules. The
corresponding numerical simulations reveal the underlying resonant chiroptical interaction of plasmonic modes of the metasurface and
vibrational modes of alanine. Our approach demonstrates a high-sensitive vibrational CD spectroscopic technique, opening up a reliable
chiral sensing platform for advanced infrared inspection technologies.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0012331

Identification of amino acid enantiomers is the basis of asymmet-
ric synthesis, playing an important role in the field of organic/
biological chemistry and pharmacy.1 Circular dichroism (CD), which
is the differential absorption of left and right circularly polarized light,
has been widely used to analyze the absolute configuration of chiral
molecules.2–4 Depending on the different molecular excitations, enan-
tiomers show the mirror symmetric CD spectra with an equal ampli-
tude but opposite sign. Vibrational CD (VCD) spectroscopy in the
infrared (IR) region measures the CD responses originating from
vibrational excitations, whereas electronic CD (ECD) spectroscopy in
the ultraviolet and visible regions measures those originating from
electronic excitations.5,6 Compared to ECD spectroscopy, VCD

spectroscopy allows one to analyze the detailed stereostructure of
almost all chiral molecules without relying on chromophores.
However, VCD spectroscopy usually suffers from weak signal, which
is �103 times smaller than common IR absorptions; therefore, the
identification of small molecules with a high signal-to-noise (S/N)
ratio remains a major challenge.

Surface-enhanced IR absorption (SEIRA) by plasmonic nano-
structures has been traditionally demonstrated for the high-sensitive
analysis of molecular functional groups.7 Different from conventional
metal island films, engineered plasmonic nanoantennas, i.e., metasur-
faces, were also proposed for the resonant SEIRA to achieve atto/
zeptomole sensitivity with a large S/N ratio.8–15 Inspired by such an
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approach, researchers have recently explored another sensing capabil-
ity where CD response stems from the chiroptical interaction medi-
ated by the local electromagnetic field.16–21 There, the chiroptical
interaction of molecules is specified not only by the inherent material
parameter, i.e., the dissymmetry factor, but also by the optical chirality,
Ĉ ¼ � c

jE0j2
Im E��Bð Þ,21 where c is the speed of light, E0 is the incident

electric field, and E� and B are the complex conjugate electric and
magnetic field vectors, respectively. The enhanced chiral electromag-
netic field, the so-called super-chiral field, is then generated by the
coupling of out-of-phase local electric and magnetic fields, leading to
strong chiroptical interactions withmolecules.22,23 With different types
of plasmonic nanostructures, super-chiral spectroscopy has been
experimentally demonstrated in the ultraviolet and visible regions, but
few examples fully explored super-chiral vibrational spectroscopy,
especially for the identification of small molecules.24–27

Here, we demonstrate high-sensitive VCD spectroscopy of
alanine enantiomers by utilizing the resonant chiroptical coupling
of the super-chiral modes of a metasurface and vibrational modes of
alanine. Under linearly polarized excitation, the left- and right-handed
super-chiral fields are selectively excited in the metasurface consisting
of an array of staggered nano-rods. Different from conventional
approaches with circularly polarized light, standard IR spectroscopy is
then used to characterize the metasurface-molecular coupled system,
greatly simplifying a measurement system with better sensitivity. Our
approach demonstrates a prompt/easy-to-use chiral sensing technique
of small molecules, holding great promise for a reliable sensing plat-
form of advanced IR inspection technologies.

Figure 1(a) illustrates the schematic unit cell of the fabricated
metasurface on a Si substrate consisting of an Au nano-rod pair with a
longitudinal displacement, i.e., staggered nano-rods. The fabrication
process started with the spin-coating of a 100-nm thick poly(methyl
methacrylate) (PMMA) resist (MicroChem, 950-A2) onto a 325-lm
thick double-side polished non-doped Si substrate. A two-dimensional
periodic pattern of the metasurface was exposed by an electron beam
(EB) lithography system (Elionix, ELS-S50) over an area of 500� 500
lm2. The sample was then completed by Cr/Au (3/15 nm) deposition

using a resistive heating evaporator and liftoff process. As shown in
Figs. 1(b) and 1(c), the left- and right-handed structures were fabri-
cated where the left or right nano-rod was shifted half along the y-axis.
Depending on the handedness, the metasurface selectively produces
the left/right-handed super-chiral fields at 1600 cm�1, which spectrally
overlaps with the functional group vibrations of alanine.28,29

The optical activity of the metasurface was first characterized by
using a Fourier-transform infrared spectrometer (FT-IR) equipped
with a polarized infrared microscope (JASCO, FT/IR-6300FV and
VIRT-3000). As shown in Fig. 2(a), two identical polarizers (JASCO,
PL-82) with a high extinction ratio of 1� 10�2 over the measurement
range were aligned before and behind the sample. To improve the S/N
ratio of the spectra, a square aperture with an area of 500� 500 lm2

was installed at the image plane of the microscope and a sample cham-
ber was purged with a dry nitrogen gas. The measured spectrum was
normalized by the corresponding result for the bare Si substrate to dis-
cuss only the optical response of the metasurface. Figure 2(b) shows
the measured transmission spectrum of the left-handed metasurface at
the analyzer angle of h ¼ 0�. A distinct transmission dip due to a plas-
mon resonance of the staggered nano-rods was clearly observed at
1600 cm�1. The optical activity of the metasurface was then evaluated
by measuring the differential transmission spectra, DT ¼ TL - TR,
where TL and TR are the transmittance of the left- and right-handed
metasurfaces, respectively. Figure 2(c) shows the measured DT at
different angles of h ¼ �60� � 60� where the optical activity was
increased at the resonance. These observations are well supported by
the corresponding numerical results in Figs. 2(d) and 2(e), which were
obtained by using the finite element method (FEM) software package,
COMSOL Multiphysics, with eSi ¼ 11.56 and the empirical value for

FIG. 1. Design and fabrication of the metasurfaces. (a) Schematic unit cell of a
metasurface on a Si substrate consisting of an Au nano-rod pair with a longitudinal
displacement. SEM images of the fabricated (b) left- and (c) right-handed metasur-
faces. Depending on its handedness, the metasurface selectively produces the left/
right-handed super-chiral field at 1600 cm�1, which spectrally overlaps with the
functional group vibrations of alanine.

FIG. 2. IR characterization of the metasurfaces. (a) Experimental setup of the polar-
ized FT-IR transmission measurement to evaluate the optical activity of the meta-
surface. (b) Experimentally measured transmission spectrum of the left-handed
metasurface at the analyzer angle of h ¼ 0�. (c) Experimentally measured differen-
tial transmission spectra between the left- and right-handed metasurfaces. (d) and
(e) Corresponding numerical simulations, which well reproduced the experimental
results qualitatively and quantitatively.
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eAu.
30 Note that a minor plasmon resonance at 1200 cm�1 in Fig. 2(b)

also induced a weak optical activity in Fig. 2(c), which was not repro-
duced in the numerical results [Figs. 2(d) and 2(e)]. The discrepancy
can be explained by the fabrication/measurement error to induce the
additional excitation of a plasmon mode. These results demonstrate
that our metasurfaces exhibit strong optical activity depending on the
handedness of the nano-rods.31,32

To better understand the underlying chiral property of the meta-
surface, another set of numerical simulations was carried out to evalu-
ate the optical chirality, Ĉ , in the vicinity of the nano-rods. Figure 3(a)
shows the numerically simulated Ĉ in the left- (red) and right-handed
(blue) metasurfaces measured at the gap of the nano-rods. The mirror
symmetric spectral responses of Ĉ were clearly observed over the mea-
surement range, showing a distinct enhancement peak at 1600 cm�1

in accordance with the plasmon resonance in Fig. 3(b). Figures 3(c)
and 3(d) show the corresponding Ĉ distributions in the left- and
right-handed metasurfaces, where the sign of Ĉ was flipped depending
on the handedness under the linearly polarized excitation. For the y-
polarized incident wave, a dipole plasmon mode is excited in individ-
ual nano-rods with the maxima of electric (magnetic) field at the ends
(center) of the nano-rods.17,23,33 By shifting one of the nano-rods half
along the y-axis, the localized electric and magnetic fields overlap spa-
tially and spectrally with a phase shift of p/2 at the resonance, thereby
producing an extra super-chiral field at the gap of the nano-rods. As a
result, the overall optical chirality in the system has a finite value,
which translates into the optical activity in the far-field measurement
of Fig. 2(c). Only the molecules within the gap contribute to a molecu-
lar signal from the system, while the signals from the corner of the

nano-rods are eventually canceled out due to the point symmetric dis-
tribution of the optical chirality.

Since the left(right)-handed metasurface selectively interacts with
a D(L)-enantiomer, our approach offers a simple yet powerful IR sens-
ing platform of chiral molecules. We first carried out a set of numerical
simulations to demonstrate the underlying chiroptical interaction in
the metasurface-enantiomer coupled system, as shown in Fig. 4. In the
calculation, the optical response of chiral molecules was modeled as a
Lorentz oscillator with the dielectric function: er ¼ er0 � c

1
�hx��hx0�iC

� �
and the Pasteur parameter: j ¼ b 1

�hx��hx0�iC

� �
, where er0

is the background relative permittivity, �h is the Planck constant, x0 is
the resonance frequency, and C is the damping constant.21 Such a
modeling has been extensively investigated and widely applied in
different systems.34–37 Here, the parameters, er0 ¼ 1.0, c¼ 2.0� 10�22,
b ¼ 7.5� 10�23, �hx0 ¼ 1.98� 10�1eV, and C ¼ 1.56� 10�3eV were
appropriately chosen such that the oscillator model emulated the reso-
nant chiral response at 1600 cm�1, one of the vibrational modes of ala-
nine. Figure 4(a) shows the spectral responses of j used in the
simulations, and the sign was defined depending on the handedness of
the enantiomer. Here, a relatively large Re[j]¼ 10�1� 10�2 was used,
but it should be a reasonable assumption for dense polycrystalline
enantiomers under the on-resonant condition, compared to the off-
resonant one of Re[j]¼ 10�3� 10�4.38

An enantiomer on the left- and right-handed metasurfaces shows
the differential absorption DA proportional to the optical chirality Ĉ ,
which translates into differential transmittance in the far-field
measurement.39 Figure 4(b) shows the numerically simulated spectra
of D- (red) and L-enantiomers (blue) on the metasurfaces under the
y-polarized excitation without the analyzer, demonstrating the mirror
symmetric peak and dip, i.e., bisignate curves. Here, the spectra were
obtained by calculating the differential transmission spectra,

DTDðLÞ ¼ TDðLÞ
L � TDðLÞ

R , where TDðLÞ
L and TDðLÞ

R are the transmittance
of the left- and right-handed metasurfaces with D(L)-enantiomer,
respectively. Major responses at 1600 cm�1 arise from the CD
responses of the enantiomers (the imaginary part of j), while minor
responses at 1500/2200 cm�1 arise from the coupling of the

FIG. 3. Super-chiral field in the metasurfaces. (a) Numerically simulated optical chi-
rality, Ĉ , in the left- (red) and right-handed (blue) metasurfaces measured at the
gap center of the nano-rods and (b) the corresponding jEj2 spectral response.
Corresponding Ĉ distributions in the (c) left- and (d) right-handed metasurfaces at
1600 cm�1, revealing that the sign of Ĉ was flipped between the left- and right-
handed metasurfaces under the y-polarized excitation.

FIG. 4. Chiroptical interaction of a metasurface-enantiomer coupled system. (a)
Spectral responses of the Pasteur parameter j of the enantiomer used in (b),
exhibiting the resonant chiral response at 1600 cm�1. (b) Numerically simulated dif-
ferential transmission spectra of D- (red) and L-enantiomer (blue) on the metasurfa-
ces, which qualitatively reproduced the mirror symmetric peak and dip.
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metasurfaces and the optical rotation of the enantiomers (the real part
of j). These results reveal the underlying resonant chiroptical interac-
tion of the metasurfaces and chiral molecules, leading to the enhanced
sensing capability in the super-chiral VCD spectroscopy.

Based on the aforementioned chiroptical interaction and the
resultant spectral responses of the system, we experimentally explored
high-sensitive VCD spectroscopy of alanine enantiomers in the meta-
surface under linearly polarized excitation. Using a resistive heating
evaporator, D- and L-alanine (Wako Pure Chemical Industries) were
deposited onto the sample with a thickness of 50 nm to fully cover the
surface structures.26 They spontaneously formed polycrystalline aggre-
gates on the surface consisting of zwitterionic structures, as shown in
the inset of Fig. 5(b),28,40 while linear dichroism arising from the
anisotropy of the alanine aggregates was negligibly small in our work.
Figure 5(a) shows the measured transmission spectrum of L-alanine
on a bare Si substrate, demonstrating typical vibrational absorptions of
the functional groups, COO, NH3, CH3, and CH.28,29 Note that the
same spectrum was also observed for the D-alanine sample (not
shown here), and enantiomer contamination was carefully avoided by
cleaning the sample with the UV/O3 ashing process after each
measurement.

Figure 5(b) shows the measured DTDðLÞ spectra of D- (red) and
L-alanine (blue) based on the super-chiral vibrational spectroscopy in
the metasurfaces under the y-polarized excitation without the analyzer.
Note that the enantiomer correction was applied, where DTDðLÞ were
corrected to satisfy DTD þ DTLð Þ=2 ¼ 0, producing the mirror sym-
metric spectral responses. Depending on the handedness of the meta-
surface, the super-chiral field selectively interacts with D- or L-alanine;
therefore, DTD and DTL naturally show bisignate curves with large
amplitudes at the resonance. The peak and dip frequencies were well
matched with the corresponding functional group vibrations in
Fig. 5(a). This observation was also supported by the VCD spectra of
D- and L-alanine D2O solutions (Fig. S1 in the supplementary
material), although their intensities were naturally different due to dif-
ferent vibrational modes between the liquid and solid states.

Interestingly, DTDðLÞ finely increased and decreased depending on the
vibrational modes, and such a spectral feature may include the high-
order chiral responses observed by the steep super-chiral field. The
spectra obtained here are the result of the resonant chiroptical
coupling of the metasurfaces and alanine enantiomers; thus, they are
naturally different from the typical VCD spectra of the isolated crystal-
line alanine.29 Note that it has been shown that linear birefringence
stems from the chiral property of the staggered Au nano-rods had no
significant effect in the measurements.23 The reproducibility of our
approach was also demonstrated in the additional measurements of
the different samples (Fig. S2 in the supplementary material).

Conventional VCD spectroscopy usually suffers from weak sig-
nal, thus requiring a long integration time, e.g., a few hours for small
molecules. However, our approach with the super-chiral field strongly
enhances the chiroptical interaction of molecules, thereby dramatically
reducing the measurement time. In the measurements, each spectrum
with a reliable S/N ratio could be obtained within a minute, much
shorter than that of conventional techniques, even for small amounts
of molecules. The enhanced sensitivity may offer a great advantage of
studying the time-dependent CD responses of molecular conforma-
tional change. The measurement range of conventional techniques is
usually limited by solvents for target molecules and optical compo-
nents of an instrument. A simplified optical system in this work may
also extend the measurement range inaccessible to conventional tech-
niques, greatly enhancing the application of VCD spectroscopy.

In conclusion, we experimentally demonstrated super-chiral
VCD spectroscopy of alanine enantiomers with a metasurface. The
left- and right-handed super-chiral fields were selectively excited in the
staggered nano-rod array by linearly polarized light. In the FT-IR mea-
surements, mirror symmetric CD spectra of D- and L-alanine were
clearly observed in the left- and right-handed metasurfaces, realizing
the reliable identification of small chiral molecules. Our approach
achieved a high-sensitive VCD spectroscopic technique, making an
important step toward a reliable chiral sensing platform for advanced
IR inspection technologies.

See the supplementary material for the VCD measurement of D-
and L-alanine D2O solutions and the reproducibility of the
measurements.
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