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Vibrations in simple crystal lattices, typically described as 
longitudinal and transverse phonons, commonly consist 
of parallel or perpendicular oscillatory displacements of 

atoms with respect to the propagation direction. As the complex-
ity of the crystal lattice increases, the normal modes of phonons 
may become chiral due to the contribution of rotatory components. 
Besides their fundamental significance, chiral phonons favouring 
specific mirror-symmetrical left- and right-handed modes could be 
uniquely suitable for a wide range of emergent chiroptical technolo-
gies1–3 including biomedical spectroscopy and photonics4,5.

Two-dimensional materials, such as MoS2 and WSe2 (refs. 1,2), 
may display chiral phonons; however, their hexagonal lattices are 
achiral. The left and right phonon modes coexist at the K/K′ point, 
resulting in a vanishing group velocity6. Chiral nanostructures4 and 
crystals from non-centrosymmetric biomolecules (referred to as 
biocrystals for brevity) should break mirror symmetry for the left 
and right modes and enable the propagation of chiral phonons. 
Their propagation would be particularly interesting to observe 
for nanocrystalline fibrils of peptides known as amyloids because 
of their wide biological and biomedical significance. However, the 
phononic peaks are expected to be strongly broadened under condi-
tions of nanoscale confinement7.

In the early 2000s, strong vibrational modes attributed to pho-
nons were observed for macroscale biocrystals of deoxyribonucleic 
acid, bovine serum albumin, collagen and benzoic acid8–11. These 
studies were facilitated by the rapid development of terahertz (THz) 
spectroscopy enabling measurements in photon energies ranging 
from 0.001 to 0.010 eV. Since then, a large number of studies have 

been carried out for crystals of amino acids (AAs), peptides, pro-
teins and sugars12–17. Although some phonon resonances in the THz 
range were observed16–20, the attribution of these peaks to specific 
lattice vibrations—chiral or not—was limited due to difficulties 
with the practical realization of terahertz circular dichroism (TCD) 
spectroscopy21,22. TCD would also be effective in resolving questions 
with peak attributions for the crystals of enantiomers and racemates 
that may have different space groups13,20,23–25. Additional fundamen-
tal questions of whether it is possible to distinguish biocrystals from 
l- and d-enantiomers or whether there are chiral phonons associ-
ated with specific mirror-symmetrical space groups remain open.

TCD spectra are expected to provide a unique analytical tool for 
probing chiral phonons in a wide range of molecular structures with 
direct relevance to chemical synthesis, biochemical quality control, 
protein folding and disease diagnostics5,26–28. There are also numer-
ous applications of THz spectroscopy and imaging in medicine29,30: 
for nearly all of them, broad and featureless THz peaks are a det-
riment. TCD has the potential to resolve this problem by provid-
ing narrow bipolar peaks and easily quantifiable spectral features, 
such as null points31. In this perspective, TCD is analogous to elec-
tronic and vibrational circular dichroism spectroscopies but allows 
the evaluation of the mirror asymmetry of biocrystals, their space 
group and the normal modes of propagating phonons.

To identify chiral phonons, we measured the THz chiroptical 
properties of various biocrystals from AAs and dipeptides, later 
extending this method to amyloid nanofibrils. We chose the bio-
crystals of AAs as initial experimental and computational models 
because they are structurally versatile, serve as building blocks for 
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many biomolecules and are known to have strong absorption bands 
in the THz range13,14,16,17. Importantly, almost all AAs are available as 
left/right enantiomers, which makes them perfect enantiomorphic 
pairs of the chiral crystal space group. Also, computational difficul-
ties related to the calculations of chiral phonons can be accurately 
and efficiently addressed with the recently developed semiempirical 
GFN2-xTB Hamiltonian32.

One of the roadblocks on this path is that the implementation of 
chiroptical spectroscopy methods in the THz range is far from triv-
ial, especially for biological materials21,22. Standard THz absorption 
(TA) experiments showed strong dependence of the TA spectra on 
sample preparation, which can only be exacerbated for TCD due to 
large contributions of linear dichroism and circular birefringence33. 
Seemingly minor presence of the opposite enantiomer of AA and 
impurities can also distort or change their crystal habits12,27, resulting  

in spectral distortions and peak broadening (Supplementary 
Discussion and Supplementary Fig. 5). Since AAs can have multiple 
crystalline phases and hydration states, their careful verification by 
powder X-ray diffraction (PXRD) analysis is also required.

To address these problems, we utilized a terahertz time-domain 
polarimetry (THz-TDP) setup with motorized X–Y scanning  
(Fig. 1a). This enables the accurate measurements and identifica-
tion of chiral phonons by acquiring statistically averaged TA, TCD 
and terahertz optical rotary dispersion (TORD) spectra (Fig. 1e–g). 
To acquire reliable chiroptical spectra, we used concentrated slur-
ries containing 50 wt% recrystallized AA crystals (dimensions, 
<20 μm) in mineral oil (MO). The random orientation of densely 
packed microcrystals in slurries eliminates the problems typically 
observed in pressured and pelleted samples with linear dichroic 
effects and powder samples with electrostatic charges (Fig. 1b–d 
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Fig. 1 | Hyperspectral tHz-tDP setup for the observation of chiral phonons in AA microcrystals. a, Schematic of the THz-TDP setup. Three wire-grid 
polarizers (P1, P2 and P3) were used to analyse the polarization states of the beam after passing through the sample. A motorized X–Y stage was used for 
mapping. b, Photograph and schematic of the sandwich quartz cell with slurry mixtures. c,d, Scanning electron microscopy images before (c) and after 
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and Supplementary Discussion). Similar problems and mitiga-
tions are typical of electronic circular dichroism measurements in 
the visible range34. A quartz sandwich cell with a 100 μm spacer 
maintaining the uniformity of the optical wavefront and thin, con-
stant sample thickness was utilized to obtain high signal-to-noise 
ratios. The TA for each pixel was directly calculated from Ex and 
Ey, the electric fields in the x and y directions, respectively, and fast 
Fourier transformation of the electric fields in the x and y directions 
obtained by three different polarization measurements, whereas the 
TCD and TORD spectra for each pixel were determined from the 
Stokes equations (Fig. 1e–g and Supplementary Information)21.

The TA spectra of the 20 AAs obtained in this study (Fig. 2a,b) 
as well as the TA spectra observed for their subset using pelleted 
samples in prior studies13,14,16 consistently indicate that l- and 
d-enantiomers show almost identical TA spectra. Two dominant 
types of TA spectrum can be easily recognized for all the AAs  
(Fig. 2a–d). Type 1 spectra, exemplified by methionine (Met), show 
monotonically increasing absorptions with broad peaks, whereas 

type 2 spectra, exemplified by glutamine (Gln) or glutamic acid 
(Glu), display multiple sharp peaks. Their visual identification 
and classification can be confirmed by a dynamic time-warping 
algorithm and statistical spectrum density plots (‘violin’ plots) 
(Supplementary Fig. 18). Going further, we found that type 1 and 
type 2 spectra nearly correlate perfectly with the symmetry group 
of the unit cell of the AA crystals (Supplementary Table 2). Note 
that neither type 1 nor type 2 groups correlate with the chemical 
properties of the side chains (Supplementary Fig. 18). Rather, a neg-
ative correlation with the molecular masses of AAs was observed 
(Fig. 2e and Supplementary Table 4), indicating that the collective 
long-range displacements of an entire molecule is coupled to these 
vibrational modes35.

All five type 2 AAs crystallize in the orthorhombic space group 
P212121 (Fig. 2d)—the most common space group for biocrystals36. 
Type 1 AAs crystallize in the monoclinic space groups P21 or C2 
(Fig. 2c). The sharp peaks in the spectra of type 2 AAs were inves-
tigated in greater detail. The P212121 space group has three 21 screw 
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axes producing chiral patterns inside the unit cell. Correspondingly, 
the nitrogen atoms of the amino groups (–NH2) and N–H···O 
hydrogen bonds form helices in the unit cell (for example, l-Glu; 
Supplementary Fig. 20). To investigate the mirror asymmetry of 
the observed phononic modes, the TCD spectra of AAs and their 
enantiomers were obtained (Supplementary Fig. 17). All five type 2 
AAs (histidine (His), Glu, Gln, threonine (Thr) and tyrosine (Tyr)) 
forming crystals in the P212121 space group showed distinct bisig-
nate TCD peaks at a low frequency, with nearly perfect mirror sym-
metry for l- and d-enantiomers, clearly indicating the chirality of 
these phonons (Supplementary Fig. 22). For comparison, no TCD 
spectra could be registered in the achiral crystals of caesium iodide 
(CsI) despite an exceptionally strong phonon mode at 1.84 THz 
(Supplementary Fig. 16)37. Other AAs may also support some 
modes of chiral phonons but their TCD spectra are broad, which 
are probably the result of the superposition of multiple overlapping 
modes (Supplementary Fig. 17).

The Born–Kuhn (BK) model of coupled bi-oscillators38 may 
provide an approximate heuristic level of understanding of chiral 
phonons in various biocrystals including nanofibrils. Unlike pre-
vious versions of the BK model used for chiral plasmons38, the 
bi-oscillators shown in Fig. 3a,b represent AA segments coupled via 
hydrogen bonds. They are stacked on top of each other with twists 
between the molecules, similar to the P212121 lattice (Supplementary 
Fig. 20c). A left- or right-circularly polarized beam matching the 
handedness of the bi-oscillators can thereby excite their collective 
vibrations (Fig. 3b). The polarization-dependent light absorption is 
represented by the non-locality tensor, Γ(k, w); for the model shown 
in Fig. 3c,d, it acquires the following form:

Γ(k, w) = DN0e2
3m

ξ
(w2

0 − iγw− w2)
2
− ξ2

, (1)

where w0 is the resonance frequency, γ is the damping parameter, ξ 
is the coupling strength between the two oscillators and m is mass 
of the individual oscillator; the remaining constants and variables 
are defined in the Supplementary Information. The inverse depen-
dence of Γ(k, w) on m (equation (1)) rationalizes the empirically 
observed inverse relationship between the position of the TA peak 
and molecular mass of AAs (Fig. 2e). The TCD and TORD spec-
tra can be calculated from Γ(k, w) by applying the Drude–Born–
Fedorov formalism38 as

TCD =
2w
c Im{Γ}, (2)

TORD =
w
2cRe {Γ} , (3)

where c and w are the speed of light and oscillation frequency, 
respectively (Supplementary Information). The calculated TCD 
and TORD spectra are well matched to the shape and position of 
the experimentally obtained values (Fig. 3e,f and Supplementary 
Fig. 22). As perhaps expected, increases in the coupling parameter ξ 
increase the amplitude of the TCD and TORD peaks, which shows 
that stronger intermolecular bonds in biocrystals promote the prop-
agation of chiral phonons (Fig. 3d). Concurrently, an increase in 
damping parameter γ reduces the intensity of the chiroptical THz 
peaks (Fig. 3c). Since both ξ and γ strongly influence the shapes of 
the TCD and particularly the TORD peak, one can confidently fit 
the experimental data with the BK model, obtaining the values of γ 
and ξ (Supplementary Table 5) for several type 2 AAs (Fig. 3e,f and 
Supplementary Fig. 22). We also found an inverse relation between 
γ and polarizability µ for the biocrystals of AAs (Fig. 3g), which 
facilitates the selection of biocrystals predisposed to high-intensity 
chiral phonons (Supplementary Fig. 21)39,40.
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Further insights into the nature of lattice vibrations in AA crys-
tals were obtained from atomistic computer simulations. A periodic 
supercell containing 2 × 1 × 2 unit cells of l-Glu was used for calcu-
lations of the phonon normal modes at the quantum-mechanical 
(QM) level using the GFN2-xTB Hamiltonian32 (Fig. 3h) imple-
mented in the CP2K program41 (Supplementary Information). 
The calculated TA (Fig. 3i) and TCD (Fig. 3j) spectra agree very 
well with the experimental results (Figs. 2d and 3e). We were 
also able to identify the actual chiral phonon modes responsible 
for the appearance of peaks in the TCD spectra. As such, the 
normal mode for the 1.2–1.4 THz peak in the crystals of l-Glu 
involves the twisting of the carboxylate groups from both main 
chain and side chain with dihedral angles changing by tens of 
degrees (Fig. 3k, Supplementary Information and Supplementary  
Video 2). The handedness of the rotatory motion of these groups 
is opposite for the two Glu enantiomers (Fig. 3k). The broad peaks 
observed for type 1 AAs represent the superposition of several 
normal modes, as exemplified for the lattice vibrations observed 
for l-Met (Supplementary Fig. 27 and Supplementary Video 2). A 
comparison of the crystallographically derived structures of the 
AAs show the structural differences between the two types of AA 
crystal. In type 1 AAs, the side chains mostly interact via van der 
Waals forces, whereas the main chains are strongly bound by ionic 
interactions between the charged groups. In contrast, charged or 
polar groups of the side chains of type 2 AAs allow the formation 
of a homogeneous and strong network of supramolecular bonds 
throughout the crystal, which leads to the emergence of sharp TA, 
TCD and TORD peaks as spectroscopic signatures of chiral pho-
nons; this concurs with the high values of coupling parameter ξ 
established using the BK model. Besides its importance in rational-
izing the TA and TCD results, this structure–property relationship  

opens the possibility to ‘tune’ the chiral phonon frequencies in 
engineered synthetic crystals.

An analysis of the temperature dependencies of the TA and 
TCD spectra can further shed light on the nature of the observed 
THz peaks (Fig. 4). Phonon modes generally undergo broaden-
ing and a redshift at elevated temperatures, which can be clearly 
observed for l-Gln (Fig. 4a). Since phonons are bosons, the tem-
perature dependence is expected to follow the Bose–Einstein sta-
tistics, which has been verified (Fig. 4b). Notably, the pre-exponent 
A = 5.8 × 10−4 THz K–1 and the characteristic temperature of chiral 
phonons Tc = 152 K in Gln are fairly similar to those observed for 
purine and adenine42, pointing to the similarity of the energy of 
the hydrogen-bonded network in their crystals. The ‘softening’ of 
phonons can also be seen from the temperature-dependent TCD 
spectra (Fig. 4d,e). However, the TCD spectra also show an addi-
tional peak emerging above 407 K (Fig. 4d, arrow), which is dif-
ferent from any temperature dependencies on phonons observed 
before12,42,43 or the formation of Bose–Einstein condensates of pho-
nons observed for decreased temperatures in WS2 nanosheets44 or 
protein crystals45. The rise of the new peak indicates the gradual 
increase in complexity of the phononic mode at elevated tempera-
tures to include additional mirror-symmetric motions exemplified 
by segmental twisting.

The temperature points to the fact that the concerted movement 
of molecules characteristic for chiral phonons (Supplementary 
Video 2) makes them highly sensitive to both short- and long-range 
organization of molecular lattices. To further investigate this 
point and to demonstrate the generality of chiral phonons, the 
TA, TCD and TORD spectra of dipeptides, including Ala–Ala, 
Ala–Tyr, Ala–Gln, Gly–Gly, cystine (Cys–Cys linked via disulfide 
(S–S) bonds, CYT) and carnosine (Ala–His, CAR) were acquired 
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(Fig. 5 and Supplementary Fig. 25). Note that l-CYT is the key 
component of kidney and bladder stones46, whereas l-CAR is a 
nutritional supplement, which prompted us to investigate them in 
greater detail.

Here l-CYT crystallizes as hexagonal plates (P6122 chiral space 
group, a = b = 0.54 nm, c = 5.60 nm) and the six CYT molecules in 
the unit cell are helically organized about the 61 screw axis (Fig. 5a)46. 
Similar to type 2 AAs, the TA spectra of l- and d-CYT show sharp 
peaks in the spectral window between 0.2 and 2.5 THz (Fig. 5b). The 
lowest resonance peak positions at 0.71 and 0.56 THz (Fig. 2g) agree 
well with the molecular weight of CYT (240.30 g mol–1) and CAR 
(226.23 g mol–1), respectively. The TCD spectra of CYT enantiomers 
display mirror-symmetrical peaks (Fig. 5b), with the most intense 
TCD peak at 1.57 THz matching very well with the TCD predictions 
from simulations of the CYT supercell (Supplementary Fig. 28 and 
Supplementary Videos 1 and 2). In addition, the attribution of both 
bands to chiral phonons was confirmed by the spectroscopic data 
for dl-CYT and deuterated l-CYT (Supplementary Fig. 23). The 
spectral signatures of l-CYT were also identified in the samples of 
canine bladder stones (Supplementary Fig. 24).

The variability of chiral phonon signatures from l-CAR was also 
tested in seemingly identical health supplements from five differ-
ent manufacturers (Fig. 5c,d). The TA and TCD spectra (Fig. 5e)  
show large differences between these l-CAR formulations. Ideally, 
the intensities of TA and TCD peaks should have the same ratio 
in all the products and minimal sample-to-sample variations. 
However, this was not the case, as can be visualized by the TA 
and TCD distribution maps (Fig. 5f,g). These maps show distinct 
peak correlations specific to each manufacturer, which can be 
associated with structural differences in the crystallinity of and 
impurities in the specific l-CAR formulations. The high sensitiv-
ity of non-locality tensor Γ(k, w) to parameter ξ in the BK model 
indicates that factors such as environmental and thermal aging of 
biocrystals47, which affect the strength of hydrogen bond ‘springs’, 
must affect their TCD spectrum. Indeed, the changes in the TA 
and TCD spectra of l-CAR samples after heating at 65 °C for two 
days (Supplementary Fig. 29) clearly show dramatic changes in 
the chemical and physical states of these health supplements. 
The displacement and broadening of TCD peaks are also spe-
cific to each manufacturer, presumably due to various chiral and  
achiral additives.

Following the structure–property relationships identified above 
and the progression of experimental data from single AA to dipep-
tides, one may also expect that assemblies of peptides may support 
the propagation of chiral phonons, too. Some of the most important 
ones are nanofibrils of amyloid peptides. These crystalline fibres 

are strongly interconnected by hydrogen bonds and intermolecu-
lar hydrophobic attractions. The observation of chiral phonons in 
the nanofibrils of amyloids also highlights the significance of TCD 
for biomedical applications because amyloid fibrillation—the pro-
cess of soluble proteins misfolding into insoluble fibrils compris-
ing α-helices and/or β-sheets—is an important clinical hallmark of 
various health disorders from skin cancer and Alzheimer’s disease 
to type 2 diabetes48.

We measured the TA and TCD spectra of amyloid fibrils of 
insulin (Fig. 6a) with a diameter of around 10 nm as visualized 
by transmission electron microscopy (TEM; Fig. 6b). Insulin 
nanofibrils are known to undergo structural changes from a pre-
dominantly α-helix to β-sheet conformation49 during fibrillation. 
Indeed, a strong reflection at 4.7 Å—corresponding to the dis-
tance between the peptide strands in the β-sheets—was observed 
by electron diffraction (Fig. 6b, inset)49. Chiral phonon modes of 
insulin nanofibrils were identified by TCD (Fig. 6d), and distinc-
tive positive and negative peaks showed higher spectral resolu-
tion than the broad TA spectra (Fig. 6c). Note that the intensity 
of TCD spectra dramatically increases as insulin assembles into 
fibrils, which is fully consistent with the expected emergence of 
chiral phonons despite the potential broadening7. The sign of the 
TCD peak at 1.2 THz reverses from positive to negative with the 
maturation of nanofibres, which is consistent with the change 
from right-handed helicity in the α-helix to left-handed helicity 
in β-sheets50.

In conclusion, the identification of chiral phonons in the THz 
range in microcrystals and nanofibrils of biomolecules, as well 
as the elaboration of a spectroscopic toolbox for them, opens the 
door to a large family of materials where the complex collective 
vibrations of crystal lattices with rotatory components can be 
investigated. Due to the strong sensitivity of chiral phonons to 
the chemical interactions in the crystal lattice, the spectroscopic 
methodology of circular dichroism in the THz range can be used 
to (1) observe variations in phonon modes with temperature and 
(2) carry out quality control testing in the biomedical indus-
try26,27. The existence of narrow TCD lines for chiral phonons also 
enables their further investigation for biomedical imaging30 and 
chiral photonics. Non-invasive and label-free toolbox of TCD 
may play a significant role in monitoring insulin fibrillation for 
in vivo and ex vivo conditions. The library of THz fingerprints 
from basic AAs to complex proteins and other biomolecular com-
plexes opens a new horizon for THz bioinformatics and deepens 
our understanding of many collective-vibration-mediated (bio)
chemical processes and multiscale chirality of self-assembled bio-
logical nanostructures.
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Methods
Materials. Unless otherwise noted, all the reagents were purchased from 
Sigma-Aldrich and Tokyo Chemical Industry and used as received without  
further purification.

Recrystallization of AAs and preparation of other samples. A recrystallization 
process is described by a flow diagram in Supplementary Fig. 1. In general, samples 
(approximately 0.5–2.0 g) of AA enantiomers were stirred in a glass vial in boiling 
E-pure water until completely dissolved. The resultant hot solution was transferred 
into a Petri dish covered with a lid and left undisturbed for ~1 day for the crystal 
growth. The obtained crystals were carefully filtered and washed with ethanol 
at least three times under reduced pressure. For anhydrous crystals, the filtered 
crystals were further dried at 60 °C under a reduced pressure for at least 12 h.

Specific recrystallization conditions for AAs are summarized in Supplementary 
Table 1. E-pure water was used as a solvent for most AAs, whereas 1 M oxalic 
acid solution and ethanol were used for Tyr and proline (Pro), respectively, due 
to their low solubility in E-pure water. The hydration states of arginine (Arg) and 
asparagine (Asn) were controlled by the final heat-drying process; as-recrystallized 
hydrated forms of arginine and asparagine crystals can be converted, by heat 
drying at 60 °C, into their anhydrous forms. Lysine (Lys) was used as received 
without further recrystallization.

Detailed preparation of other samples including dipeptide, amyloid fibrils of 
insulin and cystine stones are described in the Supplementary Information.

Characterization of crystalline phases and sizes of crystals. Crystalline phases 
of crystals were characterized by PXRD measurements using a SmartLab powder 
X-ray diffractometer (Rigaku) equipped with a 2.2 kW Cu anode (Cu Kα; 
wavelength, λ = 1.54 Å), a Kβ filter and a D/teX Ultra 250 high-speed silicon strip 
one-dimensional detector. The PXRD data were collected in the range of 15–60° in 
2θ by the step-scan mode with a step size of 0.01°. The crystals were ground using 
a pestle and mortar and mounted onto a glass plate for their PXRD measurements. 
The phase purity and space group of the crystals were analysed by comparing their 
experimental diffraction patterns with the reported data of the corresponding 
single crystals. The single-crystal data were collected from the Cambridge 
Crystallographic Data Centre and their diffraction patterns were reproduced using 
the Mercury software. Supplementary Figs. 2 and 3 show the PXRD patterns of 
crystals, and their crystalline phases are summarized in Supplementary Table 2.

Scanning transmission imaging was performed using scanning transmission 
electron microscope detector equipped in the Thermo Fisher Helios 650 Nanolab 
scanning electron microscopy (SEM)/FIB instrument (Supplementary Fig. 5). The 
crystal powders were dispersed on copper TEM grids with an ultrathin carbon film 
on a lacey carbon support purchased from Ted Pella. Specimens of the TEM grid 
were loaded on a TEM grid holder and the images were taken using an electron 
gun with an acceleration voltage of 29 kV and current of 0.4 nA. Three different 
detector modes of secondary electron and high-angle annular dark and bright 
fields were simultaneously used for the same sample to obtain information about 
the morphology.

The precise size and crystal habit of each AA crystal was measured and 
observed by an SEM instrument (TESCAN MIRA3 FEG SEM) (Supplementary 
Fig. 4), respectively. Their size distributions were also estimated by static 
light-scattering measurements using a Mastersizer 2000 (Malvern) equipped with a 
Hydro 2000S wet dispersion unit.

Preparation of slurry samples. The use of slurry samples has long been adopted 
in infrared spectroscopy, known as the Nujol mull method. Slurry samples of 
powders, 50 wt%, were prepared by mixing ~150 mg of ground crystals with 
~150 mg (~180 μl) MO using a micro-spatula. The slurry samples were placed 
between two quartz plates with a ~100-µm-thick spacer, and the sandwich cell was 
pressed by clamps to ensure a flat surface without voids.

THz-TDP setup. THz-TDP was used to measure the chiroptical responses 
of the AA samples. The generation and detection of the THz waveform were 
accomplished with a standard time-domain THz spectrometer (TeraSmart, 
Menlo Systems) using photoconductive antennas with a pulsed laser at 
1,560 nm. The same TERA15-FC antenna modules were used as the emitter and 
detector. Four identical lenses (TPX50, Menlo Systems) made of TPX polymer 
(polymethylpentene) with a diameter of 38.1 mm and a focal length of 50 mm were 
used to make collimated THz rays.

Temperature-dependent THz-TDP measurements of the samples were 
performed using a metal–ceramic heater (HT19R, Thorlabs). The heating 
temperature was finely controlled by a power supply and the temperature range of 
296–456 K was achieved with a temperature stability of ±1 K.

Sample scanning in the THz focal plane was achieved by a motorized X–Y 
stage. Three linear polarizers were used to determine the optical rotatory dispersion 
(TORD, θ) and circular dichroism (TCD, η) of arbitrarily polarized THz waves. 

Here micropatterned gold strips on the parylene C film were used for wire-grid 
polarizers exhibiting a high extinction ratio over the THz range. More detailed 
results are provided in the Supplementary Discussion (Supplementary Fig. 12).

Density functional theory calculations for crystalline AA or dipeptide 
supercell. The AA or dipeptide unit cell was replicated along the a, b and/or 
c directions to draw the supercell model systems with edge lengths of at least 
1 nm. Energy minimization was performed for each system by relaxing both 
molecular geometries and cell vectors but enforcing the shape corresponding to 
the corresponding space group. The pressure tolerance was set to 10 bar and an 
external pressure of 1 bar was applied to the diagonal elements. Following the 
geometry optimization and vibrational analysis procedures, a short molecular 
dynamics (MD) equilibration run was performed at the NVT ensemble (1 ps, 
temperature T = 300 K) using the canonical sampling through velocity rescale 
thermostat with a 5 fs time constant (strong coupling). The final coordinates and 
velocities were taken as an input for a longer MD production run (50 ps, NpT 
ensemble, T = 300 K using the Nosè–Hoover thermostat with coupling constant 
τT = 100 fs and pressure p = 1 bar with anisotropic coupling at fixed symmetry with 
coupling constant τp = 1 ps). Coordinates, velocities and Löwdin charges were saved 
for all the timesteps of the production runs to compute the TA and TCD data.

Data availability
The data that support the plots within this paper and other findings of this study 
are available from the corresponding authors upon reasonable request.

Code availability
The analysis codes that support the findings of this study are available from the 
corresponding authors upon reasonable request.
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