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ABSTRACT 

Vibrational circular dichroism (VCD) spectroscopy 
plays an important role in molecule sensing. However, the 
main limitation is the weak molecule signals (~10-5). In this 
work, we propose mid-infrared chiral metamaterials 
(MIRCMs) to demonstrate an enhanced VCD platform. 
Guided by temporal coupled-mode theory, our proposed 
chiral metamaterials break both the in-plane and the out-of-
plane symmetry to create a larger circular dichroism signal. 
Leveraging such a platform, we demonstrated a 6-
magnitude enhancement compared with traditional VCD 
spectroscopy. Moreover, we for the first time demonstrate 
the enhanced selective sensing of chiral mixtures, 
expanding the VCD spectroscopy for stereochemistry and 
clinical diagnosis applications. 
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INTRODUCTION 

Circular dichroism (CD) describes the absorption 
difference towards circularly polarized light[1]. Therefore, 
CD spectroscopy has been widely used for chiral molecule 
sensing applications[2]. The main limitation is the lack of 
dimensionality of the sensing signal, where the chiral-
induced wavelength shift is usually the only effective 
information. Hence, it is usually difficult for traditional 
UV-visible CD spectroscopy to handle multiple-molecule 
sensing processes, especially chiral mixtures. One of the 
methods to solve this problem is to extend to the mid-
infrared (MIR) range, where the vibrational transition of 
molecules can be leveraged as another dimension of the 
sensing signal[3], called vibrational circular dichroism 
(VCD). However, the natural VCD signal is very weak, 
which is only around 10-5 level[4]. Regarding the problem, 
many works designed nanostructures to utilize strong near-
field confinement to achieve enhanced molecular signal, 
such as photonic crystals[5]–[8], plasmonic 
metamaterials[9]–[15], and waveguide sensors[16]–[22]. 
Moreover, geometric chiral nanostructures can also present 
chiroptical response in the MIR range, which are widely 
used for chiral molecule sensing[23], polarization detection 
applications[24]–[26]. However, there lack of a design 

Figure 1: (a) Schematic drawing of proposed MIRCMs. The metamaterials are composed of MIM structure, where the 
LCP and RCP lights are reflected with different reflection. (b) Building blocks and the materials used of the metamaterials. 
(c) Atomic force microscope (AFM) image shows the difference thickness of the two nanorods that break the out-of-plane 
symmetry. (d) Proposed protein secondary structure sensing process of CD spectra, opposite CD signal is detected by 
subtracting the reflected LCP and RCP lights. (e) Proposed amide I vibration transition sensing process of IR spectra. 
The absorption peaks illustrate the IR fingerprint of the molecules. 



framework to reveal the working mechanism for the 
nanostructure design. Besides, none of the existing works 
have demonstrated chiral mixture sensing using enhanced 
VCD spectroscopy so far, which hinders the potential of 
this valuable technology. 

In this work, we propose mid-infrared chiral 
metamaterials (MIRCMs) platform to enhance the weak 
VCD signal. Such chiral metamaterials are composed of 
symmetry-breaking nanorods that can generate reflected 
CD signals. We demonstrate a 6-magnitude enhancement 
VCD signal compared with traditional spectroscopy. 
Furthermore, we for the first time distinguish protein 
secondary structures in a mixture using an enhanced VCD 
platform, demonstrating a label-free method to detect 
molecular chirality in a complex environment. 

 
RESULTS AND DISCUSSION 
Working mechanism of proposed MIRCMs 

Figure 1 shows the working mechanisms of our 
proposed chiral metamaterials. The schematic, photograph, 
and scanning electron microscope (SEM) images are 
shown in Figure 1 (a), (b). The vertical structure is 
composed of metal-insulator-metal (MIM) layer, where the 
thicknesses of the bottom metal and middle insulator are 
100 nm and 200 nm, respectively. We break the out-of-
plane symmetry by varying the thicknesses of the nanorods, 
which is characterized using AFM, as shown in Figure 1(c). 
Leveraging this platform, we use two proteins, BSA and β-
lactoglobulin for the demonstration of the enhanced 
sensing process. The two proteins both contain secondary 
structures α-helix and β-sheet with a different ratio, which 
can present different chiroptical responses, as shown in 
Figure 1(d). Besides, the sensitive amide I vibration can 
also be detected in the range from 1600 cm-1 to 1700 cm-1, 
as shown in Figure 1(e). Our platform leverages the 
enhanced VCD signals, enabling the detection of 
secondary structures are amide I vibrations simultaneously. 
 
Device optimization framework  

The design framework can be comprehended by a 
two-port temporal coupled-mode theory (TCMT): 
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where the two orthogonal resonant modes Px and Py refer 
to the plasmonic nanorods positioned along x and y axis. 
The resonant frequencies are denoted as ωx’ and ωy’, which 
are dependent on the absorption loss γa and radiative loss 
γr. The mode coupling coefficient is written as far field 
coefficient κx, κy, and near field coupling coefficient ξ. The 
detailed relationship between the coefficients is shown in 
Figure 2(a). By solving the equations from (1) to (4), we 
conclude that the reflective circular dichroism RCD is 
proportional to the near field coupling coefficient ξ and loss 
ratio Δγa/γr, determined as Δγa/γr=γax/γrx-γay/γry. We further 
calculate and map the parameters, shown in Figure 2(b). 
From the results, to achieve a larger CD, the loss ratio 

between the orthogonal modes as well as the near-field 
coupling strengths should be increased. To fulfill such 
requirements, we use different nanorod thicknesses (ΔH) to 
enlarge the absorption loss difference while changing the 
position of the x-oriented nanorod (ΔY) to create hotspots 
for stronger near-field coupling. The extracted parameters 
for such structural optimization are shown in Figure 2(c). 
We further simulate the geometric parameters using 
Lumerical finite-difference time-domain (FDTD) solver, 
shown in Figure 2(d). The results agree well with the 
calculation results shown in Figure 2(b), indicating the 
reasonable design framework of breaking both in-plane 
symmetry ΔY and out-of-plane symmetry ΔH. 
 
Enhanced VCD measurement results 

We fabricate our device through a two-step e-beam 
lithography (EBL) process. A thermal evaporation and lift-
off process is followed to construct nanorods. The different 
thickness ΔH is fixed as -50 nm. We choose right-handed 
chiral (RC) metamaterial, left-handed (LC) metamaterial, 
and achiral (AC) metamaterial for sensing demonstration, 
as shown in Figure 3. From the simulation results shown in 
Figure 3(a), 3(b), AC metamaterials have the largest 
electric field intensity, while RC and LC metamaterials 
have larger optical chiral field enhancement, which is 
defined as C=-ε0ω(E*•B)/2, where ε0 is the permittivity in 
vacuum, ω is the angular frequency, E and B are the electric 
field and magnetic field, respectively. We use C/C0 to 
present the enhancement optical chirality, where C0 is the 
optical chiral field in free space. Based on the simulation 
results, we use AC for IR sensing demonstration, the results 
are shown in Figure 3(c). The two absorption peaks of β-
lactoglobulin and BSA indicate the enhanced IR absorption 
peaks of amide II and amide I, respectively. We further 
characterize the VCD signal of the amide I peak, shown in 
Figure 3(d). The ΔΔA means the absorption difference of 
ΔR between LCP and RCP illuminance. We can observe 

 
Figure 2: (a) Schematic drawing of the TCMT model. (b) 
Calculation of the RCD with varied ξ and Δγa/γr. The color 
bar shows the normalized CD response. (c) Extracted ξ 
and Δγa/γr for nanorods with different (i) ΔH and (ii) ΔY. 
(d) Simulated CD results with varied ΔH and ΔY. 



that the LC metamaterial selectively amplifies the ΔΔA 
signal of β-lactoglobulin, while the RC metamaterial shows 
more BSA signal enhancement. The results indicate that β-
lactoglobulin contains more β-sheet structures, while BSA 
contains more α-helix structures. Moreover, these 
enhanced protein signals show 6-magnitude enhancement 
compared with traditional VCD spectroscopy[4]. 
 
Characterization of sensitivity and mixture sensing 

We further measure the sensitivity and mixture 
sensing process, shown in Figure 4. We diluted the protein 
solutions with varied concentrations and measured their 
VCD signals of them, as shown in Figure 4(a), 4(b). The 
highest sensitivity for BSA is the enhanced IR absorption 
signal that reaches 14.3 %/μM, with a CD sensitivity of 
7.6 %/μM. Besides, we also demonstrate mixture sensing 
with different ratios from 1:4 to 4:1, as shown in Figure 

4(c), 4(d). Although the IR absorption spectra could 
distinguish two amide I absorption peaks at 1630 cm-1 and 
1650 cm-1, it’s still difficult to tell the ratio. Fortunately, 
with CD spectra, more information can be provided from 
different optical chirality, while the differential signal can 
also illustrate the ratio difference. This demonstration 
expands the vibrational transitions to the CD spectra and 
solves the signal overlap problem for IR spectra. 

 
CONCLUSION 

In this work, we demonstrate a chiral metamaterial 
platform for enhanced VCD sensing. The design 
framework is theoretically explained using the TCMT 
method. We use proteins for sensing demonstration, and 
the sensitivity shows a 6-magnitude enhancement. Besides, 
we also for the first time demonstrate the sensing process 
of chiral mixtures using the enhanced VCD platform. Such 
demonstration expands more potentiality for VCD 
spectroscopy and opens a new avenue for biomedical 
applications. 
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