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Combinatorial nanochemistry allows tens to millions of mix-
tures to be produced in a single process1,2, generating large 
chemical libraries3–7 and making implementation of artificial 

intelligence algorithms possible. Following the rapid development 
of chiral nanostructures8–13, such synthetic and analytical platforms 
can be applied to the high-throughput assessment of enzyme mim-
ics, contrast agents, antibiotic agents, drug delivery vehicles, as well 
as other applications of these bioinspired materials. These analy-
ses should be carried out in microplates of 1,536, 3,456 or 9,600 
wells, with sample volumes as small as, and smaller than, 1 µl (ref. 
14), but the traditional methods of chiral optical (chiroptical) spec-
troscopy typically require volumes that are 100–1,000 times larger, 
highlighting the dire need for the development of new optical tools 
for performing rapid characterization of chiral nanocompounds in 
ultrasmall volumes. Nonlinear chiroptical effects can potentially 
be observed in focal volumes down to tens of micrometres and are 
therefore well suited to microplates with even the highest number of 
wells. Although nonlinear chiroptical effects applicable to isotropic 
liquids have been reported15–20, they are technologically too complex 
for the needs of combinatorial nanochemistry and high-throughput 
synthesis. For instance, in the case of hyper Rayleigh scattering 
optical activity, the geometry of the well plates is not convenient 
for registration of the nonlinear Rayleigh scattering. A 4π integra-
tion sphere with the individual sample in the centre would be typi-
cally required to reduce artefacts and cross-talk between adjacent 
samples.

Nonlinear chiroptical characterization of inorganic nanostruc-
tures in small volumes may be possible via circularly polarized Mie 
scattering spectroscopy. This scattering modality is advantageous 
over Rayleigh scattering as Mie scattering occurs within a small 
solid angle, which simplifies the registration and polarization anal-
ysis of the scattered photons, and is compatible with the require-
ments of a microplate geometry. Rayleigh and Mie scattering were 

extensively investigated in metallic achiral particles21,22, but not so 
much for chiral particles23, whose interactions with circularly polar-
ized photons are more complex and therefore more informative 
than for achiral scatterers. For instance, giant chiral optical effects 
have been reported in chiral plasmonic metamaterials24 and meta-
surfaces25. Moreover, Mie scattering from chiral metallic particles 
and their assemblies can lead to exceptionally strong dependence 
on light polarization, torque transfer and spin-polarized electron 
ejection26,27. Despite the broad interest that chiral non-metallic par-
ticles hold in the context of ultrafast and miniaturized devices28–30, 
their Mie scattering properties are even less known31. Light–matter 
interactions with non-metallic particles may include electric and 
magnetic dipoles and multipoles32,33, as well as profit from Fano34 
and anapole resonances35. Compared with plasmonic counter-
parts, the electric and magnetic contributions in these non-metallic 
nanoparticles may become comparable36, which leads to enhanced 
chiroptical properties. The nonlinear chiroptical properties of such 
individual particles are currently unknown.

Here we investigate the nonlinear scattering processes of CdTe 
semiconductor helices37 and we report a new chiroptical effect. These 
nanostructured helices are self-assembled from CdTe nanoparticles. 
They have a length of 5–8 µm, suitable for Mie scattering. For brev-
ity, they will be referred to as nanohelices, not only because they dis-
play some nanoscale dimensions (for example, thickness ≈ 25 nm), 
but also because they retain to a large degree the nanoscale dimen-
sions of individual self-assembled nanowires braided together37. 
The semiconductor nanohelices were obtained at 99.5% enantio-
meric purity with both left (Λ) and right (Δ) handedness. They are 
randomly dispersed within an isotropic liquid environment in all 
the samples in this study. Their dispersions reveal strong chiroptical 
third-harmonic Mie scattering (THMS) that was observed for three 
different wavelengths in the near-infrared range of the electromag-
netic spectrum. Their THMS is characterized by around ten-times 
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stronger third-harmonic (TH) emission in the forward direction 
than at 90° angle with respect to the incident light. The nonlinear 
ellipticity can be as high as 3° and it changes sign for Λ- and Δ-CdTe 
nanohelices. The chiroptical contrast reverses between forward and 
90° angle emission, which reveals the phase relationship between 
chiral and achiral effective tensor components of the TH suscepti-
bility. Furthermore, the chiroptical effect can be observed both in 
the forward emitted circularly polarized TH light and in the linearly 
polarized TH light emitted sideways. Finally, we demonstrate a suc-
cessful chiroptical characterization of CdTe nanohelices in a minus-
cule (<1 µl) volume using THMS.

Results
Third-harmonic Mie scattering optical activity occurs when three 
circularly polarized photons at the fundamental frequency produce 
a single photon at the triple frequency, with a conversion efficiency 
that depends on the chirality of the CdTe helix and the handedness 
of the incident circularly polarized light (Fig. 1a). This effect is a 
manifestation of optical activity in the general sense of the term, 
that is, where it designates any change of the intensity or polariza-
tion of light that is due to material chirality. Third-harmonic Mie 
scattering optical activity was never observed before for any semi-
conductor, metal, dielectric or biological samples.

CdTe nanohelices were synthesized via a method used by Yan 
et al.37 to produce helicoids with a geometry approaching that of 

twisted ribbons (Fig. 1b). On analysing the SEM microscopy images 
and geometrical parameters of the nanohelices (in one batch: thick-
ness, 140 ± 20 nm; width, 453 ± 70 nm; pitch, 302 ± 45 nm), one can 
notice that their uniformity originates from the self-limited assem-
bly of the nanoparticles controlled by electrostatic repulsion38. 
Circular dichroism spectra of the Λ- and Δ-nanohelices have simi-
lar bisignate shapes but opposite polarities. The differential extinc-
tion cross-section spectra of the three-dimensional helix model 
(Supplementary Fig. 1), calculated using the finite-difference time 
domain method, match well with the experimental circular dichro-
ism spectra (Fig. 1c). The difference in amplitude of experimental 
circular dichroism peaks is attributable to a difference in concen-
tration of the prepared suspensions. Figure 1d shows the scattering 
pattern of a Λ-CdTe nanohelix at a wavelength identical to that of 
the incident beam, illuminated along the main axis, for left circu-
larly polarized (LCP) and right circularly polarized (RCP) light (see 
Supplementary Fig. 1 for more details on these simulations). The 
pattern is clearly characteristic of Mie scattering.

As the CdTe nanohelices display multiple scales in their organiza-
tion, and include microscale and submicrometre-scale pitch lengths 
comparable with the wavelengths of visible and near-infrared light, 
they are promising candidates for observation of not only linear 
chiroptical activity in scattering but also hyper (higher-order) Mie 
scattering rather than hyper Rayleigh scattering39–41. The TH exper-
imental set-up to evaluate hyper Mie scattering optical activity is 
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Fig. 1 | cdTe nanohelices for third-harmonic Mie scattering optical activity. a, Schematic diagram of THMS optical activity. Following illumination with 
LCP light at wavelength λ, the intensity of THMS light (at λ/3) depends on the handedness of the CdTe nanohelices. b, Scanning electron micrographs of 
the left- and right-handed CdTe nanohelices, indicated as Λ-CdTe and Δ-CdTe, respectively. c, Experimental ellipticity spectra and numerically computed 
differential extinction cross-section spectra from the nanohelices, in the linear optical regime. The wavelengths of illumination and detection for the THMS 
experiments are indicated with coloured vertical lines. The black vertical line separates data obtained using different detectors. d, Emission patterns of a 
Λ-CdTe nanohelix illuminated along the main axis for LCP and RCP light. e, A diagram of the TH scattering set-up. WP, quarter-wave plate; F1, optical filter 
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illustrated in Fig. 1e. The TH scattered light is measured both in the 
forward direction and at the right angle with respect to the direction 
of incident light. Briefly, femtosecond laser pulses at wavelengths of 
1,065 nm, 1,095 nm and 1,125 nm are circularly polarized with an 
achromatic quarter-wave plate, and are focused into a cuvette made 
of fused quartz that contains an aqueous dispersion of CdTe nano-
helices. The scattered light is then collimated and filtered to select 
only the TH wavelength (see Methods).

To unambiguously demonstrate a TH nature of the Mie scattered 
photons, it is necessary to observe, first, a cubic dependence of the 
measured intensity on the incident laser power and, second, the cor-
responding multiphoton emission spectra. Figure 2a shows the TH 
intensity emitted by Λ-CdTe in the forward direction (see inset) as 
a function of incident laser power illuminating the nanohelix dis-
persion at λ = 1,095 nm. For both LCP and RCP light, the data fit a 
cubic power-law dependence with R2 values exceeding 0.98. There 
is an obvious contrast depending on the direction of circularly 
polarized light (CPL). Moreover, this contrast reverses for Δ-CdTe 
nanohelices (Fig. 2b), where the data fit to a cubic power law with 
R2 > 0.99. Similar dependences are observed for λ = 1,065 nm and 
λ = 1,125 nm (Supplementary Fig. 2).

Next, for light incident at 1,095 nm, the multiphoton emission at 
five wavelengths is presented in Fig. 2c. Regardless of the direction 
of polarization, the maximum of emitted light is at 365 nm, that is, at 
the TH. When the illumination wavelength changes, the position of 
the maximum shifts to the TH wavelength that corresponds to the 
new incident wavelength (see Supplementary Fig. 3). This impor-

tant measurement rules out any contributions from other nonlinear 
optical effects such as four-photon luminescence or supercontin-
uum generation. Bearing in mind that the TH generation effect is 
forbidden in an isotropic liquid on illumination with CPL42, we con-
clude that the measured signal corresponds to TH scattering.

To quantify THMS, the ellipticity of the experimentally observed 
TH signal can be calculated as:

θTH(
◦) =

180
π

arctan
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ITHRCP −
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ITHLCP
√

ITHRCP +
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ITHLCP



, (1)

where ITHRCP and ITHLCP are the detected TH intensities for incident 
RCP and LCP light, respectively. Figure 2d shows the resultant TH 
ellipticities as a function of incident wavelength, for both chiral 
forms. The TH ellipticity seems to be relatively constant over the 
spectral region of 60 nm. Crucially, the ellipticities of Λ-CdTe and 
Δ-CdTe are clearly separated and have an opposite sign for all three 
wavelengths (this is not the case when achiral CdTe nanoribbons are 
measured, see Supplementary Fig. 4); however, this result cannot 
yet be attributed to THMS as it could also be due to hyper Rayleigh 
scattering, for example, from small regions along the nanohelices.

To better differentiate hyper Rayleigh and hyper Mie scatter-
ing effects43, TH intensity was measured at the right angle with 
respect to the direction of propagation of incident light (Fig. 3a). 
Again, an excellent cubic dependence on the incident laser power 
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is observed (R2 > 0.98) and the contrast between LCP and RCP 
illumination reverses depending on the chirality of the CdTe nano-
helices (Supplementary Fig. 5a). The multiphoton spectral signa-
tures in Supplementary Fig. 3b and Supplementary Fig. 5b prove 
that the measured signal is indeed TH scattering and therefore a 
TH ellipticity spectrum can be presented in Fig. 3b. Similar trends 
are also observed for λ = 1,065 nm and λ = 1,125 nm illumination 
(Supplementary Fig. 6).

Several important differences between Figs. 2 and 3 should be 
noted. The intensity of TH light collected in the forward direction 
is up to ten times larger than the intensity of TH light collected 
at a right angle. This difference is consistent with Mie scattering, 
whereby light is emitted preferentially in the forward direction. 
Moreover, the chiroptical contrast in the forward direction has an 
opposite sign to that at right angle. Such a reversal in polarization is 
consistent with THMS43. By contrast, it is not expected in the case of 
TH Rayleigh scattering44. Fundamentally, whereas hyper Rayleigh 
scattering is the result of an incoherent superposition of point-like 
sources, hyper Mie scattering is the result of coherent emission 
(from different locations on the same particle).

We next examined the polarization of the TH light in the for-
ward direction and at the right angle. We modified the set-up so that 
the TH light passes through a rotating analysing quarter-wave plate 
(AWP) and then through an analyser, oriented with its transmission 
axis perpendicular to that of the polarizer (Fig. 3c). If the TH light is 
unpolarized, the measured intensity would not depend on the angle 

of the AWP; this is not the case. If it is linearly polarized (either 
along S/vertical or P/horizontal direction), the measured intensity 
would exhibit extrema at positions where the fast axis is along 0°, 
90°, 180° or 270°; this is not the case either. If the TH polarization 
is circular, light passing through the AWP along 45° or 135° would 
have a dramatic effect, in each case the light would come out of the 
AWP linearly polarized; however, it would be S in one case and P 
in the other. Subsequently passing through the analyser—which is 
fixed along P—would therefore result in extrema of intensity for 
AWP positions of 45°, 135°, 225° and 315°, which is exactly what 
we observe in Fig. 3c. We can therefore conclude that the TH polar-
ization in forward emission is predominantly circular and that it 
matches the incident polarization, regardless of the chirality of the 
samples. The chirality is expressed in the difference of the TH inten-
sity: for Λ-CdTe, at AWP along 135°, the difference in TH intensity 
between RCP and LCP is larger than the difference in TH intensity 
between LCP and RCP at AWP along 45°. This behaviour is con-
sistent with the larger frequency conversion efficiency for RCP in 
Λ-CdTe that is observed in Fig. 2a.

By contrast, for Δ-CdTe, at AWP along 135°, the difference in 
TH intensity between RCP and LCP is smaller than the differ-
ence in TH intensity between LCP and RCP at AWP along 45° (see 
Supplementary Fig. 7a). This behaviour is consistent with the larger 
frequency conversion efficiency for LCP in Δ-CdTe (Fig. 2b).

The same analysis can be applied to the TH emission at a right 
angle (Fig. 3d). Here the data present clear TH intensity minima at 0°,  
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90°, 180° or 270°, which is consistent with predominantly S-polarized 
TH emission. Moreover, in Λ-CdTe the frequency conversion effi-
ciency is larger for LCP, whereas in Δ-CdTe (Supplementary Fig. 
7b) it is larger for RCP, in agreement with the results in Fig. 3a,b.

Discussion
Third-harmonic scattering finds increasing applications as a fast 
and sensitive method for screening the second hyperpolarizabil-
ity45–47. Due to their strong forward directionality, our results are 
clearly indicative of a Mie—rather than Rayleigh scattering—pro-
cess. A computational model confirmed that radiation patterns 
from the CdTe nanohelicies with the same geometrical scale show 
the typical Mie scattering behaviour for electromagnetic waves 
with all three excitation wavelengths (Supplementary Fig. 1c–f). 
Accurately accounting for different scattering contributions also 
allows the calculated and experimental circular dichroism spectra 
to be matched (Fig. 1c). A multipolar decomposition of the linear 
optical spectra (Supplementary Fig. 8) shows that, for circularly 
polarized excitation, electric and magnetic dipole and quadrupole 
resonances can be present at both the fundamental and at the TH 
wavelengths. The spectral position of these resonances depends on 
the direction of incident light with respect to each helix and, as the 
particles are rotating freely, all are accessible. As demonstrated in 
Fig. 3c, circularly polarized fundamental light produces circularly 
polarized TH signal. It is therefore reasonable for the nonlinear 

conversion process to be considered as an energy coupling channel 
between the resonances identified in Supplementary Fig. 8, at both 
the fundamental and the TH.

Being cautious with assigning the physical nature of the observed 
optical phenomena to THMS, we want to rule out other compet-
ing mechanisms. One possibility is that our results are due to 
third-harmonic generation (THG) rather than Mie scattering. Both 
effects are coherent and would produce strong forward emission. 
Moreover, THG followed by a linear optical scattering process by the 
nanohelices would direct a small amount of light at the right angle48, 
which could explain the large difference in intensity between Figs. 2 
and 3; however, THG is forbidden in an isotropic medium with cir-
cularly polarized light49. One reason is that on focusing a Gaussian 
beam in an isotropic medium, THG on one side of the focal point 
cancels THG on the opposite side by destructive interference, as a 
result of the Gouy phase shift50. Another reason is that, in the case 
of CPL, the axial spin angular momentum of each photon is ±ħ 
(depending on the direction of CPL). For THG, as there are three 
incident photons the angular momentum adds up to ±3ħ; however, 
the single outgoing photon can only have a value between ±ħ; thus, 
in an isotropic medium such as our liquid environment, conserva-
tion of angular momentum imposes that THG for CPL illumination 
is forbidden in the forward direction49.

Furthermore, we can rule out any THG from the solvent or 
by the glass interfaces, as demonstrated in Supplementary Figs. 9  
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and 10, respectively. Moreover, THG followed by linear optical 
Mie scattering would have resulted in the same sign of the mea-
sured ellipticities (in Figs. 2d and 3b), which is clearly not the case. 
Furthermore, THG followed by linear chiroptical effects such as 
circular dichroism could have also exhibited optical rotation. In 
Supplementary Section 11 we illuminated the sample with linearly 
polarized light and tested for any such optical rotation; none was 
found (see Supplementary Fig. 11). We can therefore rule out THG 
and, furthermore, Fig. 2c and Supplementary Fig. 3a demonstrate 
the absence of any competing multiphoton luminescence or super-
continuum effects.

Mie scattering takes place at a scale that is between point scatter-
ers (Rayleigh scattering) and geometric optics. At the microscopic 
scale, the induced electric dipole moment can be written as:

μi = αijEj + βijkEjEk + γijklEjEkEl + · · · (2)

where i, j, k and l can represent any of the Cartesian directions in the 
x, y, z coordinate system of the helix, α is the polarizability tensor, 
β is the first hyperpolarizability tensor, γ is the second hyperpolar-
izability tensor and Ej is the electric field component at the fun-
damental frequency of light along the j Cartesian direction of the 
helix coordinate system (that can take x, y or z values). The induced 
dipole moment per unit volume at the TH can then be written as:

PI (3ω) = χIJKLEJ (ω)EK (ω)EL (ω) , (3)

where χIJKL is the macroscopic third-order susceptibility and I, 
J, K and L represent any of the Cartesian directions in the X, 
Y, Z coordinate system of the laboratory (Fig. 1e). The expres-
sions at the microscopic and macroscopic scale are related by 
χIJKL =

Nγijkl
ε0

⟨

aiIajJakKalL
⟩

, where aiI, ajJ, akK and alL are the direc-
tion cosines linking the two frames of reference and ⟨· · · ⟩ denotes a 
statistical average of the orientation of the scatterers, whose number 
is N; ε0 is the permittivity of vacuum.

For an isotropic chiral medium, such as an enantiopure suspen-
sion of nanohelices, χIJKL is not zero. The isotropic chiral symmetry 
group belongs to one of the seven Curie limiting point groups of 
anisotropic materials51. It is denoted by ∞∞ in Hermann–Mauguin, 
∞/∞ in Shubnikov, K in Schoenflies and ∞/∞2 in international 
notations. It has three independent tensor components, χIIJJ, χIJJI, χIJIJ, 
and they are related by χIIII = χIIJJ + χIJJI + χIJIJ, where the indices I,J can 
take any of the laboratory frame coordinates X, Y or Z and where 
I ≠ J (ref. 52).

The intensity at the TH is then:

I (3ω) ∝ N
⟨

|χTHS|
2⟩ I3 (ω) . (4)

Generally, in the forward X detection, the third harmonic scat-
tering (THS) intensity is 

〈

|χTHS|
2〉 =

〈

∣

∣χZJKL
∣

∣

2
〉

+
〈

∣

∣χYJKL
∣

∣

2
〉

, 
where, for CPL incident light, J, K and L can be either Y or Z but 
not X. For an isotropic chiral medium, there are non-zero tensor 
components in both 

〈

∣

∣χZJKL
∣

∣

2
〉

 and 
〈

∣

∣χYJKL
∣

∣

2
〉

; TH polarization is 
thus allowed along both the Z and Y directions, which leads to the 
TH intensities we observe. In Fig. 3c, the CPL TH light has both Z 
and Y components.

By contrast, in the Y direction (at a right angle with respect to 
the incident beam), 

〈

|χTHS|
2〉 =

〈

∣

∣χXJKL
∣

∣

2
〉

+
〈

∣

∣χZJKL
∣

∣

2
〉

, where, 
for CPL illumination, J, K and L can again take Y or Z values but 
not X. As a consequence, in an isotropic chiral medium, only the 〈

∣

∣χZJKL
∣

∣

2
〉

 terms can contribute, which means that the TH can only 
be vertically polarized, as we see in Fig. 3d.

We next consider the microscopic hyperpolarizabilities. The 
symmetry group of the nanohelices is D2 in Schoenflies and 222 in 

Hermann–Maugin notations. It has 21 independent tensor compo-
nents, 3 with all indices equal and 18 with equal indices in pairs53.

We need to express μi in the laboratory coordinate system X, 
Y, Z. We define the angles φ and ϕ, such as Z is along φ = 0 and 
μz = cos(φ), μY = sin(φ)cos(ϕ), μX = sin(φ)sin(ϕ). The statistical 
average for individual χIJKL components is then calculated54 by:

⟨

χIJKL
⟩

=
1
4π

2π

∫

0

π

∫

0

∑

i,j,k,l

(

aIiaJjaKkaLl
)

γijklsin (φ) dφdϕ. (5)

For the D2 symmetry group, we use 
1
4π

∫ 2π

0
∫ π

0 (cos (φ))
4 sin (φ) dφdϕ = 1

5 to calculate the
γiiii terms and 

1
4π

∫ 2π

0
∫ π

0 (cos (φ))
2 (sin (φ))2 (cos (ϕ))2 sin (φ) dφdϕ = 1

15 to cal-
culate the

γiijj, γijij and γijji terms.
We can therefore write:

⟨χZZZZ⟩ =
1
5
∑

i
γiiii +

1
15

∑

i,j

(

γiijj + γijij + γijji
)

(6)

Similar values can be calculated for the other macroscopic sus-
ceptibilities; however, as there are 21 microscopic hyperpolariz-
ability tensor elements, each of them being complex, the number of 
parameters is too large for intuitive understanding.

For simplicity, we adopt an alternative notation, with effective 
chiral and achiral parts of the macroscopic susceptibility. The lat-
ter includes any contributions from the solvent or from degraded, 
achiral CdTe particles. In the following expression, upon reversing 
the sample chirality the chiral part changes sign but the achiral part 
does not (changing the direction of CPL has an equivalent effect):

∣

∣χIJKL
∣

∣

2
LCP/RCP =

∣

∣

∣
χachiral
IJKL ± χchiral

IJKL

∣

∣

∣

2
(7)

In this case, the TH ellipticity is proportional to:

∣

∣χIJKL
∣

∣

2
RCP −

∣

∣χIJKL
∣

∣

2
LCP

∣

∣χIJKL
∣

∣

2
RCP +

∣

∣χIJKL
∣

∣

2
LCP

=
−

∣

∣χchiral
IJKL

∣

∣

∣

∣χachiral
IJKL

∣

∣

∣

∣χachiral
IJKL

∣

∣

2
+
∣

∣χchiral
IJKL

∣

∣

2 cos (σ) , (8)

where σ is the phase angle between the complex chiral and achiral 
effective susceptibilities. When 

∣

∣χchiral
IJKL

∣

∣

≪

∣

∣χachiral
IJKL

∣

∣, this quantity is 
directly proportional to the chiral part of the nonlinear suscepti-
bility. When 

∣

∣χchiral
IJKL

∣

∣

≫

∣

∣χachiral
IJKL

∣

∣, the measured quantity is inversely 
proportional to the chiral part of the nonlinear susceptibility. When 
∣

∣χchiral
IJKL

∣

∣

≈

∣

∣χachiral
IJKL

∣

∣, the quantity is constant and proportional to 
cos(σ). When σ = π/2, the chiral and achiral susceptibility parts are 
out of phase and no chiroptical effect can be measured. The implica-
tion also is that chiroptical effects can only be measured when the 
chiral and achiral tensor components interfere. As the sign of the 
TH ellipticity depends on the phase angle between numerator and 
denominator, we can conclude that σ is opposite for the emissions 
along X (Fig. 2d) and Y (Fig. 3b).

To demonstrate the applicability of our technique in volumes 
of practical relevance for 1,536-well microplates, we performed a 
THMS characterization of Λ-CdTe and Δ-CdTe in cuvettes with a 
1 mm optical path length, which is around ten-times thinner than 
standard 1-cm-thick cuvettes (the four interfaces of these cuvettes 
are still well resolved by our set-up, see Supplementary Fig. 12). For 
a conservative estimate, the volume of illumination can then be 
approximated to 1 mm3 = 10−9 m3 = 1 µl. Figure 4a shows the THMS 
ellipticity spectra obtained from power-dependence measurements, 
such as those in Fig. 4b (the power-dependence curves measured 
at 1,065 nm and 1,125 nm can be found in Supplementary Fig. 13). 
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These proof-of-principle data show that our technique can clearly 
distinguish the two chiral forms when the path length is reduced 
by one order of magnitude (compared with Fig. 2), which asserts 
the inherent scalability of our method. We believe that with fur-
ther development and by using a calibration procedure, the tech-
nique could also estimate enantiopurity. Parallel processing (Fig. 
4c) would allow the screening of combinatorial chemistry micro-
plates55. In miniature arrays, it is possible to use optical objectives 
and scan the beam across the array (Fig. 4d). These arrays would 
allow the study of various chemical reactions that lead to a change of 
the circular dichroism spectrum of the sample. For instance, using 
the nanohelices presented here, the ionic replacement of Cd2+ with 
Pb2+ would be very interesting to perform. On dispersing the CdTe 
nanohelices in a solution of Pb(NO3)2, lead progressively substitutes 
the cadmium atoms. This process dramatically affects the circular 
dichroism in the linear optical regime and, using a microplate, it 
could be monitored across various wells with THMS optical activity, 
as shown in Fig. 4d. Following further development and optimiza-
tion (in terms of illumination power, pulse duration, repetition rate, 
wavelength, volume in focus, geometry and material composition 
of the scatterers, detection electronics, signal noise reduction meth-
ods and so on), our technique could be sped up and could also find 
applications as an in-line analysis tool for continuous flow micro-
reactors56 (see Fig. 4e). Finally, it should be emphasized that a more 
accurate estimate of the volume of illumination (on integrating the 
beam area around the beam waist (ω0 = 6.15 × 10−6 m) from – to + 
the Rayleigh range (zR = 1.44 × 10−4 m)) is around 4.56 × 10−14 m3, 
which is five orders of magnitude smaller than the 1 µl in 1,536-well 
microplates. Moreover, using an optical objective instead of a lens 
can further reduce the illumination focal volume by several orders 
of magnitude. For a long working distance objective of 50×, the 
focal volume was estimated to be around 3 × 10–17 m3 (in the shape 
of a rotational ellipsoid with its axes 2.3 μm and 11 μm long), by 
recording a multiphoton microscope Z-stack scan of a fluorescent 
nanosphere of around 200 nm in diameter, with an illumination 
wavelength of 730 nm; this volume is eight orders of magnitude less 
than 1 µl (ref. 41). Considering the shape of the illumination volume 
the pathlength could potentially be reduced well below 100 μm with 
suitable illumination optics.

This study demonstrates the fundamental possibility of nonlin-
ear chiroptical activity for Mie scattering, represented by THMS. 
Carefully ruling out contributions from THG, multiphoton lumi-
nescence and supercontinuum generation, this effect was observed 
for semiconductor CdTe nanohelices at three different wave-
lengths. The magnitude of THMS is large, displaying a TH ellip-
ticity approximately 3° from an illumination volume as small as 
Vfocus ≈ 4.56 × 10−14 m3. In agreement with physics of Mie scatter-
ing, the effect is highly directional, with approximately ten times 
more TH light detected in the forward direction than in the side-
ways direction.Although the TH emission is circularly polarized 
in the forward direction, it is linearly polarized (vertically) in the 
right-angle direction. In both cases, a clear chiroptical response is 
observed, with a sign reversal, which indicates that emission in the 
forward direction and at the right angle is due to different sets of 
TH effective susceptibility tensor components, whereby the phase 
between the chiral and achiral parts changes sign depending on 
the direction of emission. Our results open the way for chiropti-
cal characterization of semiconductor and other chiral non-metallic 
particles in volumes potentially of the order of 10–17 m3 (ref. 41). Such 
miniaturized reaction volume offers a technological link between 
chemical synthesis and data science requirements exploration of 
chiral nanostructures. Furthermore, it can be potentially extended 
to chiral nanostructured particles with multiscale organization and 
similar dimensions, such as extracellular vesicles, that are widely 
investigated nowadays for cancer detection. Together with inor-
ganic nanoparticle labelling, high THMS intensity offers a pathway 

to detect and digitize the presence of rare extracellular vesicles with 
microfluidics57.
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beam. Left circularly polarized light is defined from the point of view of the source, 
looking along the direction of propagation, such that the electric field of light 
traces a helix in space that rotates following the positive trigonometric direction. 
A pair of longpass filters removed light with wavelengths below the filters’ cut-on 
wavelength (1,000 nm) from the beam. A coated achromatic doublet lens (design 
wavelength range 1,050–1,700 nm, focal length 30 mm) focused the beam into a 
fused quartz cuvette containing the samples.

In experiments measuring scattering at a right angle, an anti-reflection coated 
25.4-mm lens was used to collect scattered light. Another anti-reflection coated 
lens (focal length 200 nm) focused the collected light onto the photocathode of 
a PMT. In experiments performed in transmission geometry, an anti-reflection 
coated 25.4-mm focal-length lens was placed after the cuvette and was followed 
by a coloured glass bandpass filter (transmission in the 335–610 nm region), 3 
UV-enhanced Al mirrors, and a 200-mm focal-length lens, which focused light 
onto the photocathode of a PMT.

To investigate the polarization of the THMS light, a superachromatic 
quarter-wave plate (design wavelength range 325–1,100 nm) and an uncoated 
Glan-Laser calcite polarizer were added to the experimental set-up.

In all experiments, hard-coated bandpass filters with 10-nm full-width at 
half-maximum of their transmission peak were placed in front of the detector to 
isolate scattered light within the desired wavelength range. The signal from the 
PMT was pre-amplified five-times before entering a photon counter. The photon 
counter was used in the gated regime—the signal was measured for an equal period 
of time with the laser beam blocked and unblocked by the optical chopper to 
obtain an estimate of the noise and ambient counts.
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Methods
Materials. All chemicals used in this study were in analytical grade or the highest 
purity available. Aluminium telluride (Al2Te3) used as a source of hydrogen 
telluride gas was purchased from Materion (product no. 122704). Cadmium 
perchlorate hexahydrate was purchased from Alfa Aesar (product no. 12936). 
l- and d-cysteine hydrochloride monohydrate (product nos. C7880 and C8005, 
respectively), thioglycolic acid (product no. 528056), sodium hydroxide (NaOH), 
hydrochloric acid (HCl) and methanol were purchased from Sigma Aldrich. 
Deionized water was prepared with Milli-Q water purification system (Millipore).

Synthesis of cadmium telluride nanoparticles (CdTe NPs). The CdTe NPs 
were synthesized by following a method from previous publications after some 
modification59. For chiral CdTe NPs, an aqueous solution of mixture of cadmium 
perchlorate hexahydrate (Cd(ClO4)2·6H2O) and l- or d-cysteine (l-/d-Cys) 
hydrochloride monohydrate is prepared with final concentration of 18.75 mM 
and 45 mM in 125 ml of deionized water. Then the pH of the mixture solution was 
adjusted to 11.2 by adding 1 M sodium hydroxide (NaOH). The mixture solution 
was placed in a 250 ml three-neck round-bottomed flask and connected with 
another 50 ml three-neck round-bottomed flask containing 0.1 g of aluminium 
telluride powder (Al2Te). These synthesis reaction vessels were purged with 
nitrogen gas for 30 min with vigorous stirring for good mixture of the solution. 
Hydrogen telluride gas was generated by injecting 0.5 M hydrogen sulphide into 
the small flask containing Al2Te powder and slowly purged into the cadmium 
precursor and the ligand mixture solution. The solution was then refluxed under 
nitrogen purging for about 10 h to obtain the chiral CdTe NPs. The achiral CdTe 
NPs were prepared following the same method described above but by using 
thioglycolic acid (TGA) as the surface ligand source (18.75 mM) for the cadmium 
precursor mixture solution. After purging the hydrogen telluride gas slowly, the 
solution was refluxed for 1 h. The as-made NP dispersion were stored in a dark 
bottle before assembly processes with aging requirements as described in the 
assembly method section.

Preparation of CdTe nanohelices and achiral CdTe nanoribbons colloids. 
Self-assembly of nanohelices. The CdTe NPs carrying L- or D-Cys were assembled 
into helical structure with a modified method from previous works37,60. The 
dispersions of synthesized chiral CdTe NPs were aged at room temperature in the 
dark for three to five days before self-assembly; 20 μl of 0.1 M Cd(ClO4)2·6H2O 
was injected into the aged 500 μl of chiral NPs and the pH adjusted to 8 with 1 M 
hydrochloric acid solution. Depending on batch, the solution was then mixed 
with 1 ml or 1.5 ml of methanol and kept for three days in room light conditions. 
The self-assembled colloid was centrifuged for 3 min at 6,000 r.p.m. and the black 
precipitates were redispersed into deionized water. The resulting solution was 
treated with the same washing process three times to ensure obtaining purified 
nanohelices colloids. To avoid aggregation of the nanohelices, final precipitates 
were redispersed in 0.05 wt% of sodium dodecyl sulfate (SDS) solution and 
sonicated for approximately 1 min.

Self-assembly of achiral nanoribbons. The CdTe NPs capped by TGA were 
assembled into achiral nanoribbons by modifying the method described above 
for assembly of nanohelicies. Without adding Cd(ClO4)2·6H2O, the pH of the 
aged 500 μl of TGA-CdTe NPs was directly adjusted to 8 with 1 M hydrochloric 
acid solution, mixed with 1.5 ml of methanol and kept for three days in room 
light conditions. The nanoribbon solution treated with the same washing process 
of nanohelicies was redispersed in 0.05 wt% of SDS solution and sonicated for 
approximately 1 min.

Linear optical characterization. Suspensions of CdTe nanohelices in fused 
quartz cuvettes were characterized in an Applied Photophysics Chirascan 
circular dichroism spectrometer. Two photomultiplier tubes (PMTs) were used as 
detectors—each of them designed for measurements in a different spectral region. 
Measured circular dichroism spectrum of the reference sample (a cuvette with 
0.2% SDS) was subtracted from the spectra of the investigated samples. The path 
length in the cuvette was 10 mm. The time-per-point was set to 0.5 s and the step 
to 1 nm. Each spectrum was measured three times before taking an average. The 
bandwidth was set to 2 nm in the 300–600 nm spectral region and to 40 nm in the 
600–1,130 nm region.

Nonlinear experiments. An optical parametric oscillator pumped by a Ti:sapphire 
laser was used as the laser source for the nonlinear experiments. The laser pulses 
were produced by the optical parametric oscillator with a repetition rate of 80 MHz 
and had a width of 200 fs. An optical chopper with 50% duty cycle modulated 
the laser beam at a frequency of 246 Hz. An achromatic half-wave plate designed 
to work in the 690–1,200 nm spectral range was placed before an uncoated 
Glan-Laser calcite polarizer for power control. After passing through the polarizer 
(transmission axis oriented vertically), an achromatic quarter-wave plate (design 
wavelength range 690–1,200 nm) controlled the polarization state of the laser 
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