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ABSTRACT: Chemical, physical, biological and materials engineering disciplines use a variety of chiroptical spectroscopies to
probe geometrical and optical asymmetry in molecules and particles. Electronic (ECD) and vibrational (VCD) circular dichroism are
the most common of these techniques and collectively enable the studies of electronic and vibronic transitions with energies between
0.1 and 5.0 eV. The vibrational states with characteristic energies in the range of 0.001−0.01 eV carry valuable information about
concerted intermolecular motions in molecules and crystals involving multiple atoms. These vibronic transitions located in the
terahertz (THz) part of the spectrum become increasingly more important for the chemistry, physics, and biology of complex
molecules and materials However, the methodology and hardware of THz circular dichroism (TCD) are much less developed than
the chiroptical spectroscopies for ultraviolet, visible, near- and mid infrared photons. Here we provide theoretical foundations,
practical implementations, comparative assessments, and exemplary applications of TCD spectroscopy. We show that the sign,
intensity, and position of TCD peaks are highly sensitive to the three-dimensional structure and long-range organization of molecular
crystals, which offer unique capabilities to study (bio) molecules, their crystals, and nanoscale assemblies and apply the novel data
processing methodologies. TCD also offers a convenient toolbox to identify new physical phenomena, such as chiral phonons and
their propagation in nanostructured matter. We also discuss the major challenges, emerging opportunities and promising research
directions, including broad investigation of chiral phonons observed in chiral (nano) crystals and emerging machine learning
methodologies for TCD in biological and nanoscale structures. Ubiquity of low-frequency vibrations with rotational components in
biomolecular structures, combined with sharpness of peaks in TCD spectra, enables a variety of technological translations.

■ INTRODUCTION
Different forms of chiroptical spectroscopy are needed for
experimental and theoretical studies of a variety of chiral
objects, molecules, and materials at numerous scales in
chemistry, physics, biology, pharmacology, and nanotechnol-
ogy.1,2 The high information content and ubiquity of chiral
compounds also make these spectroscopies valuable for
application of data science for biological analysis and materials
discovery. Within the realm of chiroptical spectroscopies,
electronic circular dichroism (ECD) and vibrational circular
dichroism (VCD) have been used the most frequently3−5 and
have enabled the identification and quantification of mirror
asymmetry at molecular, nanometer, and micrometer scales.
ECD characterizes electronic transitions between the ground
and excited quantum states of molecules (1.5−5 eV), while
VCD provides information about vibrational states in the
ground electronic state of molecules (0.1−0.5 eV) (Figure 1).
Other chiroptical spectroscopies are used less often but still
offer valuable information about the chemical and physical
properties of gases, liquids, and solids. They include, for
instance, circularly polarized luminescence (CPL) spectrosco-
py6 that measures the differential emission intensity between
right- and left-circularly polarized (RCP and LCP, respec-
tively) photons being excited with a nonpolarized light source.
Most often CPL is associated with the chiral ground or excited
states of molecules and, therefore, covers approximately the
same range of energies as ECD. The signal-to-noise ratio

(SNR) of CPL is, however, at least 10 times lower than that of
ECD because of low values of anisotropy factor, glum, for
molecules�typically in the range of ∼10−3 to 10−4.6 The
values of glum increase, however, when chiral emitters are
attached to inorganic nanoparticles (NPs) due to chiroptical
effects specific for nanoscale inorganic matterials.7,8

Raman optical activity (ROA) measures the difference
between inelastically scattered RCP and LCP light.9 ROA
spectroscopy covers the energy range between 0.02 and 0.2 eV
and provides data on vibronic states of molecules and
nanostructures complementary to VCD10,11 because many
VCD vibrational modes are forbidden, but are allowed for
ROA. A big advantage of ROA compared to other methods of
chiroptical spectroscopy is that it may be used to evaluate
samples of dispersions in water that can be too absorptive for
VCD.12

In recent years, several nonlinear chiroptical methods have
also emerged, such as hyper-Rayleigh scattering (HRS), chiral
sum frequency generation, and third harmonic Mie scattering
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(THMS).13−15 These methods are being developed to address
a major drawback of linear chiroptical methods, that is, the
small absolute difference between signal amplitudes for left and
right enantiomers.16 For instance, the traditional scales for
ECD spectra are in millidegrees of ellipticity, signifying that the
difference in absorption of RCP and LCP by chiral molecules
amounts to only fractions of a percent, hence the high noise
and low spectroscopic sensitivity. The difference in signal
amplitudes for nonlinear chiroptical methods is much larger.16

Five orders of magnitude enhancement of optical activity was
observed for HRS of Ag plasmonic nanohelices.14 In addition
to plasmonic nanostructures, several chiral π-conjugated
polymers with high hyperpolarizabilities, such as helicenes,
have also shown markedly enhanced HRS response due to
their intrinsic electronic delocalization.17,18 The range of
ellipticities observed for THMS is a thousand times greater
than for ECD; ellipticity as high as three degrees was achieved
for CdTe nanohelices.15 Another advantage of the nonlinear
version of chiroptical spectroscopies is that they do not require
a large volume of sample. For example, the typical interaction
volume for HRS that was regarded as small was in the range of
10−100 pL16 and, for THMS, it experimentally determined for
volumes as small as ≪1 μL.15 However, nonlinear chiroptical
spectroscopies also have weaknesses: (i) the overall signals are
weak because of intrinsically inefficient light-matter inter-
actions for higher-order nonlinearities and (ii) experimental
realizations of these methods are complex, often requiring
multiple femtosecond lasers.14,15,19−23

In contrast, the optical signals of nanometer scale structures
can be substantially enhanced, suggesting possible solutions for
the problems of linear and nonlinear chiroptical spectros-
copies. Local field enhancement in plasmonic assemblies24,25

could provide otherwise inaccessible spectra with the
information on dynamics of inorganic and biological

nanostructures.14,19,20,22,23,26 For example, ROA spectra are
approximately 103 times lower in intensity than typical Raman
spectra,9 but can be enhanced using nanoscale plasmonic
particles.10,11,27,28 In addition, chiral nanomaterials, such as
plasmonic nanohelices, enhance optical nonlinearity from
higher-order multipoles including magnetic dipoles.14 Analo-
gous to conductive magnetic coils that can drive current along
the longitudinal direction, chiral nanostructures can induce a
magnetic field parallel to the induced electric dipole, leading to
enhanced optical chirality. Tightening of density of states at
nanoscale as well as strong chiroptical signal from circular-
polarization-selective scattering off chiral structures are
beneficial for the field enhancement, too.29

Chiroptical spectroscopies for energy states in the range of
0.001−0.01 eV, including terahertz circular dichroism (TCD)
are much less developed than all other spectroscopy
techniques albeit they carry a lot of information about different
types of collective vibrational modes (Figure 1). The
chiroptical techniques described above have difficulties
accessing the vibronic states involving large molecular weight
segments or concerted motions of a large number of atoms. At
the same time, chiroptical spectroscopies for low-energy
photons are much needed because of the commonality of
such vibrational states in biomolecules, crystals, nanoassem-
blies, nanobio superstructures, two-dimensional (2D) materi-
als, and many other complex structures and have been
attracting a lot of attention recently. The spectroscopy suitable
for the energy range of these vibronic and phononic modes is
terahertz (THz) time domain spectroscopy (THz-TDS).
However, the typical implementation of THz-TDS does not
allow resolution of dichroic effects related to circular
polarization of absorbed or emitted THz photons. THz-TDS
has the capability to characterize low-frequency vibrational
states of complex molecules and nanomaterials30,31 that can be

Figure 1. Different spectroscopic modalities, vibrational modes, and characteristic excitation energies of chiroptical spectroscopies. ECD
spectroscopy is often referred to as CD spectroscopy. Such notations are typical for many fields of research including chiral organic, inorganic, and
biological nanostructures, but in the context of this article we suggest using ECD terminology to better differentiate the vibrational states
characterized by different spectroscopic modalities.
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extended to the nanoscale assemblies thereof in the form of
composites5 or other hybrid materials.32,33 THz spectra can
also provide valuable information about fine details of
molecular structure and packing conformation of crystals
from small molecules representing metabolites,34,35 pharma-
ceuticals,36,37 and explosives.38 Macromolecules with nanoscale
dimensions such as deoxyribonucleic acid (DNA) and proteins
also show structure-specific THz signatures.31,39,40 For
instance, THz absorption can be sensitive to the sequence of
nucleic acids and hybridization of DNA,41,42 where single-base
mutations lead to changes in peak position.43 However, for
nearly all of applications, broad difficult-to-resolve THz
absorption peaks are typically observed, making it difficult to
confidently identify specific vibrations in complex molecular
structures based solely on intensity versus frequency data.
Comparison with other spectroscopic modalities also brings

up the question about selection rules for THz spectra and
TCD-active modes similarly to IR- and Raman-active modes.
As a brief reminder, vibrational modes are IR-active when such
mode is associated with the large changes in the dipole
moment, whereas vibrational modes become Raman-active
when they are associated with large changes in polarizability.
Although the TCD selection rules might be expected to be
similar to those for IR active modes,4 they are more
“permissive” than those for chiroptical spectroscopies because
the vibrations associated with THz frequencies typically
involve large number of atoms and, thus, are associated both
with the some change of dipole and polarizability. Some THz
bands are also superpositions of multiple vibrational states that
are close in energy but with different symmetries. For THz
vibrations associated with the long-range order exemplified by
chiral phonons (see below), the requirement of translation
invariance restricts the spectrum to predominantly IR active
modes.4,44

In-depth understanding of the origin of the spectral
resonances and resolving overlapping peaks require a
chiroptical spectroscopy conceptually similar to ECD and
VCD that can be termed THz circular dichroism (TCD). Since
LCP and RCP make absorption differences sensitively depend
on the chirality of 3D molecular organization,45 TCD is better
suited for resolving complex molecular motions responsible for
these vibrations than normal THz-TDS. For example, TCD is
essential for characterization of protein conformation, their
intermolecular interactions with ligands,46,47 dynamics of lipid
membranes, and shells of water around various nanoscale
structures.40 Also important, the concerted motion of high-
molecular weight segments leads to chiral normal modes due
to frequent chirality of constituents, the asymmetry of
multiatomic geometries, and rotational components of these
vibrations. One of the special cases is represented by chiral
phonons. These vibrations are collective mirror-symmetric
movements of atomic groups connected by primary and
secondary chemical bonds.48,49 Some chiral phonons for
special cases of two-dimensional materials have been detected
in the IR part of the spectrum,50,51 but numerous chemical
structures, exemplified by biological crystals and nanoscale
assemblies, are expected to display chiral phonons in the THz
range for which TCD will be essential.
TCD spectroscopy offers the ability to uncover optical

phenomena that were hitherto “invisible” to other chiroptical
techniques. For example, ECD can identify excitations in the
UV to visible range related to twisted aromatic states with ππ*
transitions.52 VCD, on the other hand, elaborates vibrational
energy with vibrational transitions in mid-infrared part of the
spectrum, exemplified by interatomic vibrations of covalent
bonds such as amide I vibration and amide II vibration.53

While these methodologies unveil atomic scale phenomena,
TCD elucidates chirality of the long- and short-range

Figure 2. (a) Theoretical helical model of a macromolecule and its extinction coefficient and TCD spectra. (b) Structure of bacteriorhodopsin with
corresponding absorbance and rotational strength spectra, which is closely related to the TCD in the THz range. Arrows in the schematic of
bacteriorhodopsin indicate the low-frequency mode atomic motions at 0.498 THz. Reprinted with permission from ref 56. Copyright 2003 Mary
Ann Liebert, Inc. (c) MD simulation of TA, TCD, and THz optical rotatory dispersion (TORD) spectra of the α-helical polypeptide. TCD and
TORD spectra obtained from cross-correlation functions ⟨μ(t)·M(0)⟩ (black line) and ⟨μ(0)·M(t)⟩ (red line). The TORD spectrum (blue line)
obtained by carrying out the Kramers−Kronig (K−K) transformation of the TCD spectrum. Reprinted with permission from ref 57. Copyright
2014 American Chemicay Society.
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intermolecular vibrations. TCD spectroscopy can also shed
light on the identity and anharmonicity of many coupled
modes in large assemblies connected by supramolecular bonds,
because TCD enables one to mitigate severe broadening of
typical THz absorption spectra “lumping” multiple transitions
into one broad featureless band. This is especially typical for
many biomolecular complexes. For example, there were no
apparent absorption sharp peaks observed in the THz
absorption spectra for insulin fibrils,54 myelin basic proteins,
and lipids.55

To understand better the prospects and capabilities of TCD
in the studies of a diverse array of chiral materials, biological
structures, and physical phenomena, we review herein the
theoretical and experimental developments in TCD followed
by a discussion of the major challenges and opportunities for
measurements of THz chiral vibrational modes.

■ THEORETICAL FOUNDATIONS OF TERAHERTZ
CIRCULAR DICHROISM IN BIOMOLECULES

While TCD can be observed for a variety of chemical
structures, biomolecules offer a comprehensive model for
understanding the origin and significance of low-energy
vibronic states in the THz range. THz optical activity of
biomolecular complexes was initially predicted by normal-
mode analysis using a simple mass and spring model of a spiral,
which served as a simplified representation of a macromolecule
with similar geometry (e.g., α-helix, twisted ribbon, spiral).56

Several low-frequency modes below 3 THz were concerted
motions of the molecular spirals (Figure 2a) corresponding to
acoustic phonons with torsional components. These modes
generate a large change in dipole moments rendering them
optically active. Additional studies showed that mechanical
models of protein molecules, for instance, bacteriorhodopsin
(Figure 2b), also exhibited chiral vibrations involving out-of-
plane distortions such as twists and in-plane helix trans-
locations in the THz range.56

The existence of the chiral normal modes was confirmed by
atomistic simulations using density function theory (DFT) and
molecular dynamics (MD) (Figure 2c). MD trajectories of α-
helical polypeptides suggest that the angular component and
magnetic dipole moment of helical polypeptides are sufficiently
intense to be experimentally detected by TCD spectroscopy.57

A noteworthy prediction made by this study was that TCD and
THz optical rotation dispersion (TORD) spectra should
display distinct positive and negative peaks at 2.24, 3.44, and
4.04 THz (Figure 2c, middle and bottom) as opposed to the
THz absorption spectrum of an α-helical polypeptide with
featureless, monotonically decreasing peaks (Figure 2c, top).
This theoretical prediction that can be extended to a variety of
biomolecules underscores the potential of TCD and TORD as
a powerful toolbox to obtain data about the conformation and
dynamics of large molecules as well as nanoscale structures
with chiral geometries.

■ METHODOLOGY OF TCD FOR TIME-DOMAIN
SPECTROSCOPY

The technical setup for TCD is fundamentally different from
that for ECD or VCD. The light sources in ECD and VCD are
continuous, and the diffraction gratings or interferometer-
based optical setup, such as Michelson systems, are used to
obtain spectral data. The typical choices of detectors are
photomultiplier tubes or amplified photodiodes. For example,
Fourier Transform VCD (FT-VCD) spectroscopy utilizes a
Michelson interferometer and diffraction grating, measuring
Fourier transformable signals by applying different weights
based on the mirror position.58 In contrast, THz spectroscopy
uses short pulses of THz radiation in time-domain
configuration. Widely used methods for generation and
detection of THz pulses include photoconductive antennae
(PCA) and crystals, such as ZnTe, GaP, and GaSe with
femtosecond lasers. With applied voltage across PCA,
nonlinear optical rectification takes place in the femtosecond
laser pulse, generating THz pulses. These PCA and crystals for

Figure 3. (a) Schematics of THz time-domain polarimetry using three wire grid polarizers (WGP). Reprinted with permission from ref 62.
Copyright 2013 AIP publishing. (b) Practical TCD spectroscopy with kirigami polarization modulator; LPB and EPB indicate the linearly and
elliptically polarized beams, respectively. Reprinted with permission from ref 5. Copyright 2019 Springer Nature. (c) Chirality-switchable
metamaterial, which can be achieved by changing the deformation direction of an Archimedean spiral. Reprinted with permission from ref 65.
Copyright 2015 Springer Nature (CC-BY 4.0).
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THz-TDS are dependent on the photon energy and also the
polarization of the electromagnetic field as their detecting and
generating mechanisms are based on metal dipole antenna
pattern and linear birefringence of optical rectification,
respectively.59 Also, by scanning the delay line, the electric
field (E) amplitude and phase of the THz waveform can be
registered as a function of time. For this reason, THz-TDS can
directly measure the transient electric field (E) in the time-
domain format making possible the calculation of ellipticity
once the electric fields in the horizontal, Ex, and vertical, Ey,
directions, are obtained.60 Details of the experimental set-ups
are beyond the scope of this paper and can be found in
corresponding references.61

The practical implementation of ECD and VCD is based on
variable circular polarization of light by piezoelectric
modulators at quarter-waveplates. However, while this polar-
ization modulator is common for visible and NIR parts of the
spectrum, they are uncommon for THz light. Typically,
photoelastic materials, such as fused silica and calcite (for UV
to visible range) and MgF2 and ZnSe (for near- to mid-IR), are
used for quarter waveplate modulators, converting linearly
polarized light into CPL for ECD and VCD. However, effective
quarter waveplate modulators for the THz range of beam do
not yet exist and still need to be developed. Thus, the
development of TCD requires a different technical setup with
appropriate optical elements and methodologies.
Experimental methods for the characterization of chiroptical

properties in the THz range have been devised initially for
metamaterials, which could be readily verified by electro-
magnetic simulations.5,62−65 Miyamaru et al.62 demonstrated
THz-TDS-based polarimetry using three linear polarizers
(WGP1, WGP2, WGP3) to measure polarization changes of
THz waves through the two-dimensional photonic crystals by
tilting the incident angles (Figure 3a). By rotating the
polarization axis of WGP2, one can detect Ex and Ey after

passing through the sample. WGP1 and WGP3 are used for
accurate detection of the electric fields corresponding to the
antenna orientations of the emitter and detector, respectively.
The TCD measurements using the method shown in Figure 3a
require, however, intermittent rotation of the sample relative to
the incident linearly polarized light to remove the contribution
of linear birefringence.
The most common protocol for obtaining TCD spectra

involves acquisition of THz spectra in transmission mode,
carried out twice at different sample rotation angles.65 Between
the first and second measurements, the sample is rotated by
90° around the light propagation axis. Reliable TCD spectra of
micromanufactured metamaterials can be obtained using this
method because the periodicity of their structures or sample
homogeneity is high�approximately an order of magnitude
longer than the wavelength of the beam. However, the sample
rotation method is not convenient or feasible for the majority
of biomaterials especially when the size of the sample is micro-
to nanoscale because small inaccuracies of spot position caused
by rotation leads to very large artifacts.66 To solve this
problem, TCD spectroscopy with polarization modulators is
needed to make observation from the stationary sample
possible (Figure 3b). Ideally, enantiomerically switchable
modulators (Figure 3c) with broad-band optical activity and
high-frequency modulating capability are preferable as polar-
ization modulators for TCD spectroscopy.
TCD spectroscopy is associated with additional difficulties

that need to be taken into account when studying molecular
assemblies and nanostructures. (1) Due to long lengths of
photons (∼300 μm) in the THz region, the size of the focused
beam spot is larger (approximately hundreds of micrometers)
than those used in the UV, visible, and IR range, which means
that large amounts of sample are needed to accomplish
reasonable photon−phonon interactions. (2) The large
absorption coefficient of water in the THz range may often

Figure 4. (a) Schematic of chiral plasmonic kirigami sheets as a circular polarization modulator. (b) Polarization rotation angle and ellipticity of
kirigami metasurfaces with slanted Au strips (angles of 30°) for different strain (0−22.5%). Inset shows optical microscope image of kirigami sheet
before stretching. (c) Image of an elytron of C. gloriosa and corresponding TCD spectra measured by a kirigami modulator without sample
rotation. Four different values of strain (%) of kirigami modulators are measured, and the red circle indicates the location of measurement. Scale
bar, 1 cm. (d) THz absorption coefficient and TCD results of L-, D-, and rac-cystine. Reprinted with permission from ref 5. Copyright 2019 Springer
Nature.
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lead to a high noise level. Currently, TCD signals with time-
domain spectroscopy above 0.5 deg are considered as an
acceptable level, which is still much higher than other
chiroptical methods with typical signals of only a few mdeg.
At the higher frequency range (>2 THz), the signal-to-noise
(S/N) level is extremely low due to the low power of the
modern THz emitter. The development of high-power THz
emitters will mitigate this problem.

TCD Spectroscopy with Modulated Quarter Wave-
plates based on Kirigami Nanocomposite Sheets.
Development of practical TCD spectroscopy has been
hindered by the difficulties with polarization modulation of
THz radiation.5,65,66 A few examples of static quarter
waveplate-like materials and devices were developed, but
dynamic polarization modulation in real-time and realization of
TCD spectroscopy has not been accessible.65,67−69 Recently, a
method for the practical TCD spectroscopy of biomaterials

Figure 5. (a) The atomic motion of W and Se atoms in real space is intrinsically chiral at the K point (red dot) due to the threefold rotational
symmetry. (b) Process for the intervalley optical transition of holes explaining angular momentum conservation. Reprinted with permission from
ref 50. Copyright 2018 The American Association for the Advancement of Science. (c) Normalized THz absorption (TA) spectra of five
representative L- amino acids with broad peaks and sharp peaks, respectively. Broad peak AAs − Type 1, space group = P21 or C2; sharp peak AAs
− Type 2, space group = P212121. (d) Experimental and calculated TCD and TORD spectra of Glu and Gln, respectively. Reprinted with
permission from ref 48. Copyright 2022 Springer Nature. (e) Top and side view of WN2 crystal and BZ of WN2. The black box indicates the unit
cell. (f) Brillouin zone of WN2. Note that Q is the midpoint of the K−H path. (g) Vibration patterns of phonon modes at point Q. Reprinted with
permission from ref 79. Copyright 2021 American Chemical Society.

Journal of the American Chemical Society pubs.acs.org/JACS Perspective

https://doi.org/10.1021/jacs.2c04817
J. Am. Chem. Soc. 2022, 144, 22789−22804

22794

https://pubs.acs.org/doi/10.1021/jacs.2c04817?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c04817?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c04817?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c04817?fig=fig5&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.2c04817?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


was enabled by the chiral plasmonic sheet inspired by kirigami
paper art (Figure 4a).5 Being a topologically equivalent helix
structure, the kirigami metasurfaces modulate the polarization
rotation and ellipticity angle of the THz beam up to 80° and
40°, respectively, under application of mechanical strain of
22.5% (Figure 4b).
TCD spectra of several biological samples including an

elytron of the green beetle, a leaf of the sugar maple tree, a
dandelion petal, and pellets of cystine dipeptides (L-, D-, and
rac-cystine) were measured without sample rotation (Figure
4c,d). Among them, the chiral phonon mode was exper-
imentally observed from the cystine crystals showing mirror-
like TCD spectra between L- and D-cystine at a resonant
frequency of approximately 0.73 THz (Figure 4d).5 Following
this result, L-cystine’s asymmetric absorbance of left- and right-
circularly polarized THz beams was also revealed by
McDonnell et al.70 using chiral THz emitters based on
Pancharatnam−Berry phase nonlinear metasurfaces.

■ TCD SPECTROSCOPY OF CHIRAL PHONONS IN
NANOMATERIALS AND BIOMOLECULES

After the practical realization of TCD spectroscopy and its
potential as a nondestructive modality for several biological
samples was demonstrated, the TCD investigation of biological
molecules and other chiral nanomaterials have been actively
established. Among them, one notable result is the observation
of chiral phonon modes in biomolecular complexes.
Chiral phonons in biomolecular crystals and nanofibrils are

central to the comprehension of intermolecular interactions
since TCD provides unique signatures of the conformation,
phase, and hydration of biomolecular organizations.34,71−73

They are also strongly related to the dynamic mechanisms of
many biological functions of macromolecules such as proteins
and lipids.74,75 Analysis of TCD spectra leads to a better
understanding of chirality of these molecular structures and
nanomaterials by direct observation of chiral vibrational
modes.
Chiral phonons have been studied hitherto in a very limited

set of materials such as two-dimensional hexagonal lattices of
MoS2 and WSe2 that display spectroscopic signatures in the
near-IR part of the spectrum between 0.5 and 2 eV.50,51,76,77

Zhang et al.76 observed the chiral phonons at Brillouin zone
(BZ) corners that are strongly coupled with circularly
polarized IR photons taking advantage of a valley phonon
Hall effect (Figure 5a,b).
The use of ROA enables registration of chiral phonon modes

in nanoparticles from Co3O4 with the chiral distortions in the

crystal lattice.78 Observation of chiral phonons from a slurry of
crystalline amino acids was also achieved by acquiring spatially
resolved THz absorption (TA), TCD, and TORD spectra.48

Since phonons are strongly correlated to the symmetry of
crystal structures, space group dependent phononic signatures
were found.48 The associated sharp TCD and TORD peaks
were also identified in microcrystals of several other amino
acids (His, Gln, Glu, Thr, and Tyr) that crystallized in a
P212121 space group (Figure 5c,d). Theoretical studies of chiral
phonons revealed that two-dimensional nanomaterials, such as
WN2, MoN, and MoP could sustain chiral phonon modes
along the high-symmetry paths in the BZ (Figure 5e−g).79

Chiral phonon’s strong sensitivity to the chemical
interactions in the crystal lattice predicates their utility for
biomedical industry and chiral photonic applications. TCD
spectroscopy can be, for instance, utilized in in medicine
quality control and biomedical imaging,80,81 photonic devices
that require electron−phonon coupling, and the phonon-
driven topological states of solids.50,82

■ FUTURE DIRECTIONS
Biomedical Applications of TCD. TCD can be

particularly important in the pharmaceutical industries, where
the quality of drugs should be continuously monitored in
noncontact and nondestructive manners.48 TCD enables fast
real-time inspection of drugs for the presence of unwanted
enantiomers.83−85 The need for thorough online quality
control over chiral drugs is well documented by the
exceptionally harmful side effects of thalidomide, whose one
enantiomer caused birth defects while the other one did not.
The efficacy of drugs can be affected by chemical

(thermolytic, oxidative, or photolytic degradation), physical
(polymorphic changes, hydration, and dehydration), or
microbiological (failure of preservative) instability.86 TCD
spectroscopy can be integrated in the manufacturing,
processing, transporting, and storing of packaged drugs,
which is difficult for ECD and VCD because packaging
materials are opaque in the visible/IR spectral range but are
transparent for THz photons. Both solids and liquids could be
examined by this noncontact, nondestructive, and nonionizing
method, and their TCD or spectral phononic signatures would
be easily registered.
The significance of TCD for biomedical applications can

also be highlighted by the observation of chiral phonons in the
nanofibrils of amyloid peptides. Distinctive positive and
negative TCD peaks showed higher spectral resolution than
the broad TA spectra (Figure 6). Amyloid fibers from a variety

Figure 6. (a) Photograph of insoluble insulin fibrils formed at pH 2. Scale bar is 1 cm. (b) TEM image and selected-area electron diffraction pattern
of insulin fibrils. TA (c) and TCD (d) spectra of insulin from monomers to 30 days of fibrillation. The data in (c) and (d) are presented as mean
values ± s.d. Reprinted with permission from ref 48. Copyright 2022 Springer Nature.
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of peptides and proteins can slowly assemble over time in
different tissues. They can be described as linear crystals of
proteinaceous units with characteristic β-sheet conforma-
tions,87 and their nanoscale structure can be identified using
transmission electron microscopy (TEM) and atomic force
microscopy (AFM).88 Amyloid nanofibrils are implicated in a
variety of diseases exemplified by Huntington’s, Alzheimer’s,
and Parkinson’s diseases, type 2 diabetes, senility, and atrial
and systemic amyloidosis.89 Besides being label-free, advan-
tages of the THz spectral range for amyloid detection include
the following: (i) its safety due to the nonionizing nature of
photons with energies between ∼0.001 eV and ∼0.01 eV; (ii)
resonances in the THz spectra describe not only intra-

molecular vibrational levels, but also strongly coupled
intermolecular vibrations;90 and (iii) THz beams may be
used for the detection and dissolution of fibrous nanofibers,
opening the possibility for treatment of amyloid deposits.91

TCD imaging may also be promising for biomedical
applications (Figure 7). THz spectroscopy is already known
for its ability to differentiate human tissues such as skin and
muscle, and dysplasia nevi with high sensitivity;92,93 TCD
would be expected to enhance imaging contrast as most tissues
have chiral structures or at least those related to asymmetric
shapes and structural changes. Visualization of basal cell skin
cancer was achieved by a THz imaging system based on the
difference between the absorption coefficients of cancerous

Figure 7. (a) Schematic diagram of the reflective THz spectroscopic and imaging system for biological samples. (b) Average time-domain THz
signal of the fresh muscle and skin tissues (n = 6). (c) Corresponding average frequency-domain spectrum of (b). (d) Calculated refractive index,
and (e) Absorption coefficient of the fresh muscle and skin tissues with the standard deviations (n = 6). Reprinted with permission from ref 92.
Copyright 2017 The Optical Society. (f−h) THz dielectric characteristics of healthy skin (green), nondysplastic (blue), and dysplastic (red) nevi.
Reprinted with permission from ref 93. Copyright 2015 AIP Publishing. (i) Photograph of a skin sample and (j) a THz image of a skin sample, in
which the central dark regions with increased absorption correspond to the basal cell skin cancer. Reprinted with permission from ref 94. Copyright
2003 SPIE.

Figure 8. Cancer cell images with and without Au nanorods. (a) Visible image, (b) THz mapping without IR irradiation, (c) THz mapping with IR
irradiation, (d) Amplitudes along the lines in (b, black) and (c, red), respectively. (e) Differential image between (b) and (c). (f) Signal amplitudes
along the line in (e). Reprinted with permission from ref 80. Copyright 2009 The Optical Society.
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and normal tissues,94 and the system also identified tumors in
mammary glands, lungs, the pancreas, and the brain.95−97

Different from X-ray, which cannot distinguish left and right
structural tissues, it is possible to gain medically relevant
working behaviors of these using in vivo TCD imaging. It is
also expected that chiral nanostructures, represented by
conjugates between biomolecules and nanoparticles, can be
examined by TCD imaging (Figure 8) and detection of their
vibrations in various molecular and cellular environments for
disease diagnosis and therapy within, for instance, human
tissues is possible.98,99

Chiral Phonons, Chiral Photons, and Their Inter-
actions. Chiral metasurfaces such as Archimedean spiral
arrays,65,100 double split-ring resonators,101,102 and origami/
kirigami structures5,103 have been thoroughly investigated by
TA and similar modalities of THz spectroscopy. However, the
chirality in nanostructures has not been studied and one can
expect numerous strong polarization phenomena that will
accelerate the development of chiral photonics in the THz
range. Additionally, TCD spectroscopy and polarization-
resolved imaging systems offer the possibility of revealing the
fundamental phenomena associated with chiral phonons,
photons, and their interactions that have not yet been
accessible.
One exemplary case is the observation of temperature

dependence of chiral phonons in biomolecular crystals, which
follows the Bose−Einstein distribution.48 Recently, Choi et
al.48 found that, by using TCD spectroscopy, one of the
phonon modes in L-Glu microcrystals is likely to correspond to
chiral bosons. The observed gradual shift of energy at elevated
temperatures fits nearly perfectly with a physical model based
on Bose−Einstein condensation. Concomitantly, the complex-
ity of phononic vibrations increases around the melting
temperature, which is related to increased asymmetry of and
coupling between different phononic modes related to the
phase transformation. The fundamental study of chiral bosons
and their spectroscopic signatures may contribute to under-
standing the quantum Hall effect where chirality is involved in
quantum mechanics.104

The spectroscopic toolbox of chiral THz photons can also
help to identify materials and reveal their properties for
emerging fields such as topological insulators and perov-
skites.105 Topological edge states that are chiral have shown
promising properties for integrated photonic chips because
they show strong spin−orbit coupling and, therefore, unidirec-
tional propagation of photons without back scattering.106

Complex heterostructures, such as layers of magnetic Weyl
semimetals, which are often necessary to realize chiral edge
states and TCD spectroscopy, can help to theorize a new
paradigm for materials that can carry dissipation-less current
and have high Curie temperatures.
Chiral Phonons in Strong Coupling Regime. Strong

coupling phenomena between photons and phonons would be
one of the interesting fundamental phenomena to observe.
This is mainly because weak TCD and TORD signals from
biomolecules could be dramatically enhanced by using
conventional Fabry−Peŕot cavity systems as well as plasmonic
nanostructures when they are in a strong coupling regime.90,107

The process of excited state decay in the weak coupling regime
and in a two-level system is determined by the Fermi golden
rule. It is typically considered to be irreversible, but the
coherent energy can be exchanged and bounced back between
light and matter in the strong coupling regime, which is

reversible.108 Therefore, in the strong coupling regime for the
light−matter interaction, the energy states of the photons and
the vibrational states of molecules form hybrid quantum states
known as polaritons.90 Recently, Damari et al. reported
coherent Rabi oscillation and splitting in the THz range
from α-lactose molecules using two sets of mirrors.90 This
result indicates that the cavity mode is strongly coupled to the
intermolecular vibration and modifying collective vibrational
modes, and thus, polaritonic chemistry is also possible by
judiciously controlled THz photons.90 Consequently, the
coupling between the circularly polarized THz beam and
chiral phonon mode in biomolecules is expected to be
observed and to open up new possibilities for applications of
TCD spectroscopy considering their strong THz field
confinement (light to volumes over 106 times) and relatively
long lifetimes (approximately picoseconds).109,110 Not only
important for chemistry and biology, but in physics, the
influence of polaritons on nontrivial spatial shaping of
phonons, such as chiral phonons, is a fundamental question
that could be addressed.110

TCD of Chiral Nanostructures. THz frequency radiation
can stimulate the motion of charge carrier quasiparticles (e.g.,
electrons and holes, surface plasmons, excitons, and polarons)
for semiconducting/metallic materials and also excite collective
vibrations (e.g., phonons) for crystalline materials.111 More-
over, THz spectroscopy can measure charge carriers and
phonons mentioned above but do so in a noncontact and
noninvasive manner without cumbersome electron beam
lithography and device processing, making the technique
particularly suitable for nanostructured materials and nano-
devices. These capabilities have drawn tremendous attention to
applications of THz spectroscopy, such as the measurement of
conductivity in nanowires; the same can be applied to TCD on
chiral nanostructures exemplified by twisted nanoribbons or
crystals from achiral molecules undergoing symmetry breaking
due to nanoscale dimensions.112,113 As such, we expect that the
following nanostructures may be particularly interesting to
explore using TCD and other polarization resolved spectros-
copies in the THz range.

(1) van der Waals heterostructures, 2D materials stacked
with twisted angles, have been extensively studied
because of their fascinating strongly correlated phenom-
ena including correlated insulating states, unconven-
tional superconductivity, and ferromagnetism.114,115

Considering the variety of 2D materials116,117 that can
be assembled and their sensitivity of twisted angles in
moire ́ patterns, TCD could be employed as a new
spectroscopic method for studies on their nontrivial
topology and electron−electron interactions.118

(2) Biocomposites, or biomimetic materials, where chitin
molecules are often arranged into a helical arrangement,
have impressive mechanical properties effectively pre-
venting crack propagation and sustaining large im-
pacts.119 The noncontact imaging capability of TCD
spectroscopy and imaging modality can directly measure
changing chiral phonon modes under application of
mechanical stress. The relationship between mechanical
properties such as Young’s modulus and toughness of
materials with optical properties in the THz range
represents an important result that can be obtained by
TCD.120
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(3) Metal−organic chiral nanostructures, formed by coordi-
nation polymerization of metal ions through organic
ligands, are needed for a broad spectrum of applications
including supercapacitors,121 catalysis,122 carbon cap-
ture,123 and molecular separation.124 Self-assembly of
organic molecules and/or metal ions into nanostructures
has evolved as an attractive and facile strategy for
synthesizing chiral nanomaterials. Since these metal−
organic chiral nanostructures have both noncovalent
bonds and metallic nanoscale components, we would
expect strong THz optical activity as quasiparticles
transport or phonons propagate within the structures. It
is already proven for amino acids or peptide directed
synthesis of gold nanoparticles125,126 and copper aspartic
acid nanofibers127 that they show high CD value with
large g-factors in the UV to visible range. Of special
interest is the experimental identification of topologically
protected edge-modes that can be abundant in chiral
nanoastructures with high contribution of cooperative
coordination bonds and chiral interfaces where the edge-
modes can propagate.

Near-Field TCD Imaging. Many applications of THz
spectroscopy and imaging have been diffraction limited
because THz wavelengths are long (∼300 μm) compared to
the optical and IR parts of the spectrum, leading to a relatively
low spatial modulation accuracy and spatial resolution in the
far-field zone to roughly 60 μm.128 Imaging with such
resolution is considered to be insufficient for most of bio-,
chemical, and electronic materials, where the analysis of
molecular complexes or nanomaterials requires spatial
resolutions in the nanometer scale.129−131

Near-field THz imaging132 breaking the diffraction limit
could provide the solution to this problem (Figure 9a). Near-
field methods are able to increase spatial resolution to a few
tens of nanometers by scattering a THz beam with the tip of an
AFM.132−134 Imaging individual biomolecules, single proteins,
single DNA strands, and nanoparticles become possible by
using a THz near-field scanning optical microscope (THz-
NSOM, Figure 9b-e). While the realization of a TCD version
of THz-NSOM is a future task, TCD-NSOM might reveal
information inaccessible for TA measurements, including the
precise orientation of molecules or particles similar to data
polarization-resolved optical microscopy.135 Another reason to
realize super-resolution TCD is to better understand the
structural changes of biomolecules especially when bound to
water molecules or other receptors. Unlike conventional
optical microscopy, THz imaging does not require luminescent
labels and is not damaging to chemical structures, which makes
this evaluation possible. Note that current transmissive-type
far-field THz spectroscopy cannot resolve spectral signatures
from a sample due to the thickness of highly absorptive water
layer, broadening effect of water, and low sensitivity, which is
originated from low dielectric constants of biomolecules.133

Another challenge expected to be solved by TCD with higher
resolution is heterogeneity of TCD signals including sign
flipping and polarization scrambling that could arise from
microscale anisotropic particles as well as edges of the
sample.48 TCD super-resolution imaging could provide a
straightforward approach for the resolution of structure−
function relationships for an ensemble of molecules that
cannot be elucidated by current TCD spectroscopy. Spatially
well-resolved TCD maps will also be essential for the

understanding of propagation of chiral phonons in nanowires
and other nanostructures. Additionally they will be particularly
useful for identification of topologically protected edge-modes
that can be particularly abundant for chiral nanoscale
structures.

TCD and Big Data Technologies. Both advantages and
disadvantages of TCD spectroscopy naturally lead to the
applications of rapidly developing technologies for processing
large data sets obtained, for instance, by hyperspectral setups.48

Both the high information content and high noise levels of
tradiutional THz spectra logically naturally lead to the
application of machine learning (ML) for their analysis. The
recent advances in this area showed that THz spectra can be
accurately and automatically decoded with highly trained ML
algorithms even when peaks are broad and often indis-
tinct.136−140 These capabilities become particularly important
in biomedical fields, where chemometric ML models in data
preprocessing, feature selection, and multivariate analysis
improve the accuracy of disease diagnosis.141−143

A wide range of ML methodologies have been proposed to
improve computational accuracy, cost, and speed in IR,
Raman, VCD, and ECD spectra (Figure 10).145−151 Similar
advances must be possible for TCD spectroscopy, too.
Although there are no (to the best of our knowledge) ML-
based methodologies developed and published for TCD yet,
special features of this spectroscopy and its implementation for
multidimensional analysis of the biological and abiological

Figure 9. (a) Schematic illustration of the THz NSOM setup and its
use for nanoscale materials imaging. (b) Topological AFM image of
immunoglobulin G (IgG). (c) Corresponding THz-scattering map
with 200 × 200 pixels. Magnitude of electric field values of the time-
domain signals are reconstructed. (d and e) Cross-sectional profiles
along the lines indicated in (b) and (c), respectively. Reprinted with
permission from ref 133. Copyright 2020 John Wiley and Sons.
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structures discussed above make this spectroscopy particularly
suitable for the application of ML. We can offer the reader the
following reasons in support of our vision of the integration of
ML and TCD for the emerging data-driven world.

(1) TCD spectra originate from strongly coupled vibronic
and phononic vibrations, which makes these spectra
sensitive to small alterations of molecular structure and
long-range crystalline order.48 Being trained on spectro-
scopic data for target chemicals, TCD augmented by ML
algorithms will be broadly applicable as a quality control
tool for complex mixtures of biochemicals.144

(2) Density functional theory (DFT) and molecular
dynamics (MD) computations for analysis and peak
recovery from TCD spectra can be laborious. They also
require specific expertise that may not be available for all
the TCD users. Implementation of open-access physics-
based ML algorithms trained on purposefully generated
computational spectra augmented with similarly large
library of experimental ones can be utilized by general
users for data analysis. The same methodology can also
be advantageous for prediction of TCD spectra for
various chiral organic, inorganic, and hybrid inorganic−

organic crystals152,153 and uncovering their TCD
fingerprints.

(3) As the complexity and diversity of intermolecular
interactions increase, the noise in the data stream is
likely to increase as well. We expect that ML denoising
will be common to overcome common interference from
water absorption.

■ CONCLUSIONS
The development of TCD spectroscopy is described in this
Perspective starting from its theoretical foundations and initial
observations in biomolecule assemblies, to experimental
methodologies and metamaterials-enabled hardware. Advance-
ment in TCD will require further elaboration of complex
coupled long-range vibrations in chiral materials and at their
interfaces, where topological effects can be present. Imple-
mentation of ML technologies will further facilitate inter-
pretation of TCD fingerprints of multiple organic, inorganic,
and hybrid materials. We expect that these advances will
engender multiple applications of TCD emerging from its high
information content of TCD spectra and nondestructive and
nonionizing nature of this spectroscopy making it potentially
safe to its broad use. Special attention was given to chiral

Figure 10. (a) ML-based MD simulation for IR spectra. Schematic illustration of a high-dimensional neural network potential (HDNNP) and IR
spectra of methanol simulated by HDNNP and conventional ab initio MD. The Cartesian coordinates (Ri) of each atom are transformed into
many-body symmetry functions (Gi) serving as inputs for neural network that derives the potential energy (Epot) of the molecule. Reprinted with
permission from ref 151. Copyright 2017 Royal Society of Chemistry (CC-BY 3.0). (b) ML-based simulation of VCD spectra of (+)-α-pinene.
Reprinted with permission from ref 146. Copyright 2021 Royal Society of Chemistry. (c) ML-based simulation of ECD spectra of peptides
predicted based on 1000 MD configurations. Reprinted with permission from ref 150. Copyright 2021 Americal Chemical Society.
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phonons in nanomaterials and biomolecules revealed by TCD
spectroscopy. Observation and modulation of chiral phonons
can be of interest for medical, optoelectronic,154 computa-
tional,155 and sustainability156 technologies.

■ TERMINOLOGY

• Exciton: A bound state of an electron and a hole pair
attracted with Coulomb force

• Phonon: A discrete unit of vibrations in a crystal lattice
• Photon: An elementary particle of electromagnetic field/

radiation
• Plasmon: A quantized particle of plasma oscillation
• Polariton: A hybridized particle resulting from a strong

coupling between photon and an electric dipole
• Vibronic: Originates from the combination of the terms

“vibrational” and “electronic”, denoting the idea that in a
molecule, vibrational and electronic interactions are
interrelated and influence each other.
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