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Tunable circular dichroism 
through absorption in coupled 
optical modes of twisted triskelia 
nanostructures
Javier Rodríguez‑Álvarez1,2*, Antonio García‑Martín3, Arantxa Fraile Rodríguez1,2, 
Xavier Batlle1,2 & Amílcar Labarta1,2

We present a system consisting of two stacked chiral plasmonic nanoelements, so‑called triskelia, 
that exhibits a high degree of circular dichroism. The optical modes arising from the interactions 
between the two elements are the main responsible for the dichroic signal. Their excitation in the 
absorption cross section is favored when the circular polarization of the light is opposite to the helicity 
of the system, so that an intense near‑field distribution with 3D character is excited between the 
two triskelia, which in turn causes the dichroic response. Therefore, the stacking, in itself, provides a 
simple way to tune both the value of the circular dichroism, up to 60%, and its spectral distribution in 
the visible and near infrared range. We show how these interaction‑driven modes can be controlled by 
finely tuning the distance and the relative twist angle between the triskelia, yielding maximum values 
of the dichroism at 20° and 100° for left‑ and right‑handed circularly polarized light, respectively. 
Despite the three‑fold symmetry of the elements, these two situations are not completely equivalent 
since the interplay between the handedness of the stack and the chirality of each single element 
breaks the symmetry between clockwise and anticlockwise rotation angles around 0°. This reveals the 
occurrence of clear helicity‑dependent resonances. The proposed structure can be thus finely tuned 
to tailor the dichroic signal for applications at will, such as highly efficient helicity‑sensitive surface 
spectroscopies or single‑photon polarization detectors, among others.

Chiral structures play a key role in the working mechanism of a wide variety of biological processes and bio-
chemical interactions, and thus hold promise for several technological applications. The term “chiral” refers to 
structures which are not superimposable with their mirror image. Therefore, any chiral structure can be found 
in two different handedness formed of the same building blocks. One of the most relevant properties of chiral 
structures is that the two versions of the system react differently under the illumination of left-handed (LCP) 
and right-handed (RCP) circularly polarized light. This chiroptical activity has been extensively used in many 
fields, such as  chemistry1,2,  pharmaceuticals3, and  optics4,5. For a given chiroptical system, the differences in the 
signal of the optical functions f  of the system under the two circular polarizations is usually named circular 
dichroism (CD) and can be quantified by the dimensionless figure of merit (FOM)

where f  stands for any of the studied optical cross-sections (CS), namely, the absorption, scattering, and the 
extinction, recorded under either LCP or RCP light. Although there are other alternatives, Eq. (1) is a common 
definition in the  literature6,7 to ascertain the significance of any dichroism present in the spectra of the optical 
functions of a system.

Due to the versatility of plasmonic metamaterials, several plasmonic chiral systems have been proposed in 
the last years in response to a growing interest in the experimental realization of such chiral nanostructures. 
The approaches to their manufacture comprehend the realization of three-dimensional (3D)  structures8, the 
manipulation of nanoparticle  assemblies9,10 or the stacking of pseudo-planar  structures11,12, among others. Even 

(1)CDf =
fLCP − fRCP

fLCP + fRCP
,
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though planar structures can be easily manufactured by standard lithography  processes13, in the recent years, 
3D plasmonic structures have gained interest because of their enhanced chiral response and simple tunability, 
compared to their 2D  counterparts14–16. Despite the good performance of 3D structures, their manufacture can 
be highly demanding and limited by practically attainable feature sizes and complex manufacturing procedures, 
especially if a strong CD in the visible range is desired. To address this issue, stacked 2D nanostructures made 
of simple elements following a multilayered design can fill in the gap as they have shown to exhibit broadband 
dichroic  signals12,17–24. Although the twice exposure of the pattern with high alignment precision during nano-
fabrication makes stacked 2D nanostructures also challenging, they might be easier to manufacture when based 
on simple designs than 3D structures. Thus, stacked 2D structures can be broadly found in many applications 
related to  nanophotonics25–27. Despite their apparent simple design, complex interactions among the plasmonic 
nanoelements acting as basic building blocks of these structures enable to manipulate light in a highly efficient 
way. For instance, the optical response of the system can be tuned by simply controlling the spatial arrangement 
of the building blocks in the structure.

Unlike previous realizations of stacked  structures12,28, the plasmonic nanoelements used as building block in 
this work has a handedness such that they are optically active in nature. This yields to the arising of additional 
resonances driven by the interaction between the two elements. Consequently, the CD of the structure can be 
controlled by the in-plane relative rotation angle (twist angle) between the basic elements with respect to the 
handedness of the element itself together with the distance between the elements. We therefore present a system 
consisting of two stacked chiral plasmonic nanoelements with three-fold rotational symmetry, so-called triskelia, 
providing a high degree of CD in the visible to near-infrared range that could be easily tuned in a manufactur-
ing process.

System and numerical methods
Numerical simulations. The simulations presented hereafter have been performed using a commercial 
Finite Difference Time Domain (FDTD) method providing a robust and reliable solver for Maxwell’s equations 
 (Lumerical29). We use an impinging plane wave along the z-axis (perpendicular to the surface of the triskelia) of 
unit amplitude everywhere. The simulation cell is large enough (1.2 μm × 1.2 μm × 4 μm) to ensure that perfectly 
absorbing boundary conditions exert a negligible effect on the electromagnetic fields obtained. We employ a par-
allelepiped mesh in the nanostructures and near field region of 1.5 nm × 1.5 nm × 1 nm, dx-dy-dz, respectively, 
growing uniformly in dz up to a maximum of 25 nm out of the nearfield close to the simulation boundaries, so 
that convergence (to the best of our numerical capabilities) is attained. The total and scattered fields are then 
collected to give rise to the nearfield intensity color maps and the cross-sections. All fields are normalized to the 
amplitude of the impinging plane wave.

Design of the triskelia stacking. Prior to the design of more complex chiral structures, it is convenient 
to choose a planar monomer showing some dichroism in its optical response that can be appropriate as building 
block of 3D chiral systems. We have chosen a monomer made up of three elements emanating from a center with 
three-fold rotational symmetry so that its electric polarization is not fully compatible with an even number of 
 poles30,31. This introduces a certain geometric frustration that favors the formation of more complex polar distri-
butions, which in turn may make the structure more prone to show dichroism under circularly polarized illumi-
nations. In addition, the three elements of the monomer are bent at their midpoint forming the same clockwise 
angle so that the three-fold rotational symmetry is preserved while not presenting any mirror plane parallel to 
the rotation axis. Figure 1a depicts the design of the monomer used in this work as the primary source of planar 
CD. It has been named “triskelion” in view of its resemblance to the artistic motif and the three-legged clathrin 
 molecule32. Interestingly, any planar structure embedded in a homogeneous dielectric medium, even fulfilling 
the stated properties, is not truly chiral because of reciprocity and the existence of an inherent symmetry mirror 
 plane33–35, and although significant CD signals can be exhibited by both the absorption and the scattering CS, 
they cancel out when the total extinction is considered. One way to induce true 3D chirality in a planar structure 

Figure 1.  (a) Schematic top view of one triskelion showing the values of the main in-plane geometrical 
parameters. The thickness of the triskelion was set to 30 nm. (b) 3D-view showing the parallel stacking of the 
two triskelia in the system. The edge-to-edge distance d between the two triskelia is also depicted. Note that the 
triskelion on top of the stack is twisted 30° anticlockwise with respect to the bottom one.
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is just to put it on a dielectric substrate, so that both sides of the structure are not  equivalent35,36. Nevertheless, in 
this work we propose a 3D arrangement of two of these planar motifs in a homogeneous medium that consists of 
a stack of two parallel interacting triskelia separated by an edge-to-edge distance d (Fig. 1b) aiming to improve 
both the tunability and the intensity of the dichroic signal. This design is somehow similar to those in Refs.28,37, 
where the monomers have no in-plane mirror symmetry, but here we take advantage as well from the interac-
tions between the electric polarizations of monomers with three-fold rotational symmetry. Additionally, the 
parallel stacking provides a simple platform to study the CD of the system as a function of both the edge-to-edge 
distance between the two triskelia and the twist angle φ with respect to each other (the twist angle refers to the 
relative in-plane rotation between elements). It is worth stressing that these two geometric parameters could be 
easily tuned in a manufacture process. The material chosen for the study of the optical response of the system 
is gold owing to its well-known plasmonic properties and chemical  inertness38,39. Numerical simulations of the 
absorption and scattering CS for a single triskelion with 30 nm in thickness show that the corresponding CD 
signals are maximized (not shown) when all the angles in Fig. 1a are kept equal to 120°.

Results and discussion
Optical responses of the single triskelion vs the stacking. A priori, the planar nature of a single tris-
kelion in combination with  reciprocity33,35 is known to prevent any CD in the total optical extinction. However, 
as shown in Fig. 2a,b, neither the absorption nor the scattering holds this suppression by themselves. A close 
look at Fig. 2a,b reveals different signals for RCP and LCP light both in the absorption and scattering channels, 
predominantly around the peak at 710 nm, whereas the CD perfectly vanishes in the extinction CS (Fig. 2c) since 
a planar triskelion embedded in a uniform dielectric medium is not a truly chiral  structure33. However, when 
triskelia are set to form a non-planar structure, the optical properties of the whole system are expected to change 
drastically, enabling the existence of CD in the extinction CS.

As an example, Fig. 2d,e show the absorption and scattering CS for a triskelion stack with and edge-to-edge 
distance of 30 nm and anticlockwise 30° twist angle between the top and bottom triskelia (see Fig. 1b). Similar 
peaks around 710 and 1000 nm than those for a single triskelion can be identified in the absorption and scatter-
ing CS under both RCP and LCP illuminations. Nevertheless, the absorption CS under LCP light also exhibits 
two extra peaks, which are redshifted with respect to those around 710 and 1000 nm and are the main cause of 
CD in the extinction CS since they have no counterparts in any of the scattering CS for the two light polariza-
tions (see Fig. 2d–f). Therefore, the interaction between the electric polarizations of the two triskelia under LCP 
illumination is causing these two extra excitation modes in the absorption CS that are in turn responsible for 
the CD in the extinction CS.

Tuning interactions: relative in‑plane angle between the triskelia. As shown earlier in Fig. 2d–f, 
the optical response of the system can be tuned by changing the twist angle φ between the two triskelia in the 
stack. This will effectively modify the distance between the legs of the two triskelia, as well as induce a “sense of 
turn”13,35. In fact, when ϕ = 0 (or an integer multiple of 120°, as a single triskelion has three-fold rotational sym-
metry), from the point of view of the CD the system can be regarded as equivalent to the planar case of a single 

Figure 2.  (a) Absorption, (b) scattering, and (c) extinction cross-sections under LCP (blue solid line) and 
RCP (red solid line) light for a single triskelion (see Fig. 1a). (d) Absorption, (e) scattering, and (f) extinction 
CS under LCP (blue solid line) and RCP (red solid line) light for a double triskelion system forming an 
anticlockwise 30° twist angle and at an edge-to-edge distance d = 30 nm (see Fig. 1b).
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element irrespective of the edge-to-edge distance between the two triskelia since no additional helicity is associ-
ated with the 3D stacking, as also shown in Ref.37. Therefore, for those twist angles, the system only displays some 
differences in the absorption and scattering CS mostly around the peak at 710 nm and smaller around 1000 nm 
but not in the extinction CS as in the case of a single triskelion (see Fig. S1 in the Supplementary Information) 
since this parallel stack does not modify the planar nature of each triskelion. Thus, the CS are very much like 
those of a single triskelion in Fig. 2a,b, but with some important distinctions. First, the scattering CS is almost 
twice as intense as for the single triskelion, whereas the absorption CS remains equally intense. Second, there are 
two extra peaks (resonances) in the absorption CS caused by the interaction between the two triskelia, one barely 
noticeable around 850 nm and another one more visible around 1250 nm that appear under both LCP and RCP 
light with the same intensities so that they do not contribute to the CD in agreement with the no 3D helicity of 
the stack for this special value of the angle. As will be discussed later, the spectral positions of these two extra 
peaks depend on the distance between the triskelia as they are driven by interactions.

Figure 3a–f shows the absorption, scattering, and extinction CS, for both LCP and RCP incidence, as a func-
tion of anticlockwise φ (see Fig. 1), for an edge-to-edge distance of 30 nm, together with their respective FOM 
for the CD of the three CS (Fig. 3g–i). By varying φ, the spectra of all CS display the two main excitations at ca. 
710 and 1000 nm (already shown by a single triskelion) that are always present under both circular polarizations 
and, more importantly, the emergence of two extra excitations with intensities which vary greatly as a function of 
the handedness of the circular polarization. For instance, it is found that the extra excitations in the absorption, 
which are clearly visible under LCP incidence at an anticlockwise φ ≤ 60° (see Fig. 3a and Fig. 2d for the case of 
30°), are then predominant under RCP illumination for 60° < φ < 120° anticlockwise (see Fig. 3d and Fig. S1 in 
the Supplementary Information for φ = 90°). Maximum values for the CD in the extinction CS can be found for 
φ = 20° (and φ = 100°) for the excitation around 1000 nm, reaching CD values up to 60%. High values of the CD 
can also be found in a broad range of parameters around the maximal value. In addition, remarkable CD values 
are also shown at the resonance in the vicinity of 710 nm. For twist angles of 30° and 90° we can observe a sharp 
increase in the CD. These results show that our structure presents values of the CD perfectly comparable to those 
of the state of the art, even outperforming similar  works7,40.

Since the range of anticlockwise twist angles within 0° and 60° is almost optically equivalent to that of the 
clockwise ones starting from 120°12,41,42 (for instance, the optical response for 110° clockwise should be equivalent 
to that of 10° anticlockwise), these results put forward the occurrence of clear helicity-dependent excitations 
(chiral resonances) that are manifested as enhanced absorption peaks. We would like to point out the interest-
ing features associated with two special angles. These are the aforementioned highly symmetric case of φ = 0° 
that shows no CD (despite being driven by near-field interactions) and that of φ = 60°, which shows a peculiar 

Figure 3.  Absorption, scattering, and extinction CS for LCP (a–c), and RCP (d–f), illuminations, respectively, 
as a function of the twist angle φ for a fixed edge-to-edge distance of 30 nm. FOM defined in Eq. (1) for the CD 
of the absorption (g), scattering (h), and extinction (i) as a function of the twist angle.
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behavior since the only element that breaks perfect symmetry is the bending angle at the midpoint of the legs 
of each triskelion.

Interesting enough is the case of φ = 60°, where the CD in the extinction CS vanishes (see Fig. S1 in the Sup-
plementary Information and Fig. 3g–i), similarly to Ref.20. This angle represents a highly symmetric arrangement 
of the triskelia in the stack, for which symmetric dispersions (with opposite sign) of the main excitations in the 
absorption and the scattering CS occur when φ is increased or decreased from 60°. These symmetric disper-
sions of the absorption (Fig. 3a,d) and the scattering (Fig. 3b,e) are equal under LCP and RCP, while only some 
differences are exhibited by the intensities of the peaks for the two polarizations. However, those differences 
yield CD signals almost canceling each other out in the extinction CS (Fig. 3i) because of the opposite sign of 
the two contributions. In fact, the only noticeable differences between the CS for the triskelion stack at φ = 60° 
and those for the single triskelion are the intensities of the signals since the two extra excitations are not present 
in the spectra of the latter (see Fig. S1 in the Supplementary Information). It is also worth noting that 60° is the 
angle for which the distance between equivalent points in the legs of the two triskelia is maximum for a fixed 
value of the edge-to-edge distance such that the interaction among the legs of the two triskelia in the stack is 
minimum. Besides, this distance is equal for both clockwise and anticlockwise screw rotation through the stack, 
so no dependence of the excitation on the handedness of the light can be expected.

The incomplete complementarity of the double triskelion structure comes from the bending angle at the 
midpoints of the legs of each triskelion. Perfect complementarity would be achieved if the sign of the bending 
angle of the legs were fully  reversed12, and thus LCP and RCP spectra could be interchanged for anticlockwise 
and clockwise in-plane angles within 0–60° and 120–60°, respectively. In terms of the CS spectra, the incomplete-
ness arises from the fact that the extra excitations are also discernible in the scattering CS (Fig. 3b,e) for twist 
angles within 120–60°, although the contribution of the absorption to the CD in the extinction is still much more 
prominent. A clear example of the lack of perfect complementarity is set by the comparison of the scattering CS 
for 30° and 90° shown in Fig. 2d and Fig. S1 in the Supplementary Information, respectively. One of the extra 
excitations is perfectly discernible on the right-hand side of the peak around 1000 nm for 90° whereas it is not 
present at all for 30°.

Regarding the spectral dependence of the excitations on φ, the peaks arising from the single triskelion 
(denoted as main peaks) and those owing to the interactions between the two triskelia in the stack (so-called 
extra excitations) must be analyzed separately. Both kinds of excitations, exhibit spectral shifts of the corre-
sponding CS as a function of φ, as expected for interacting systems (Fig. 3a–f). The main peaks are redshifted 
for 0° < φ < 60° or for 60° < φ < 120° owing to the symmetry around the 60° case. In contrast, the extra peaks 
evolve in a complementary fashion: they are blueshifted for angles 0° < φ < 60° or 60° < φ < 120°.

Concerning the CD spectra, most of the interest lies in the contributions from the extra excitations. Despite 
being non-negligible for the main peaks, remarkable values are only obtained for the extra ones. Increasing the 
twist angle from 0°, for which the extra peaks have the same intensities under LCP and RCP illuminations and 
there is no contribution to the CD in the extinction cross-section (Fig. S1 in the Supplementary Information), 
the extra peaks under RCP light rapidly decrease and vanish above about φ = 10°, while their intensities monoto-
nously increase for LCP light (see Fig. S1 in the Supplementary Information for φ = 10° and Fig. 3 for 30°). An 
almost complementary behavior of these extra peaks under the two circular polarizations is found within 120° 
and 60° (see Fig. 3a–f). The contributions of the extra peaks to the CD spectra are redshifted from the highly 
symmetric angle of 60°, having opposite sign depending on the circular polarization of the light at which the 
corresponding extra excitations appear, as depicted in Fig. 3g–i. It must be pointed out that the high values of 
the CD in the scattering CS in the long wavelength range are mostly due to the intrinsically low values of the 
scattering CS for both polarizations.

Tuning interactions: edge‑to‑edge distance. As mentioned above, the other important geometrical 
parameter influencing the mutual interactions between the triskelia is the vertical separation (edge-to-edge dis-
tance) between them. In Sect. "Optical responses of the single triskelion vs the stacking", it was mentioned that 
the interaction between the two triskelia in the stack causes the emergence of extra peaks in the spectra of the 
CS. Some are only visible under the proper circular polarization of the impinging light. In Fig. 4, we show the 
absorption, scattering, and extinction CS for both LCP and RCP light, and the corresponding FOM for the CD, 
as a function of the edge-to-edge distance between the two triskelia upon a fixed anticlockwise twist angle φ = 
30°. For this value, the extra peaks in the absorption CS are solely present under LCP illumination (Fig. 4a, d), 
as expected from the prior discussion in Sect. "Optical responses of the single triskelion vs the stacking". These 
extra excitations are blueshifted while the main excitations are redshifted as the distanceOptical responses of 
the single triskelion vs the stacking between the triskelia increases, tending to overlap and resulting in only 
two peaks as the interaction between the two triskelia decreases. Therefore, at a sufficiently large edge-to-edge 
distance the positions of the peaks coincide with those of a single triskelion but almost doubling the intensi-
ties. In contrast, the scattering CS does not exhibit any extra excitations (Fig. 4b,e) for either of the two circular 
polarizations. Nevertheless, there is an underlying effect arising from the interaction between the triskelia that 
causes the redshift of the main excitations as the separation between the triskelia increases. Consequently, the 
main features shown by the extinction CS (see Fig. 4c,f) as the edge-to-edge distance increases are driven by 
those of the absorption CS. Similar dependencies of the main and extra excitations on the edge-to-edge distance 
are found at 0° (not shown), but with the extra excitations appearing under both circular polarizations and larger 
values of the splitting between the main and extra excitations due to the lower twist angle.

A quick inspection of the CD of the absorption and scattering CS (Fig. 4g,h) reveals that the CD in the extinc-
tion signal arises mainly due to the two extra excitations found in the absorption CS under LCP light only (see 
Fig. 4i). In addition, and as discussed before, there are also small differences between the intensities of the two 
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main excitations under LCP and RCP illuminations that yield some dichroism in the absorption and scattering 
CS as well, but almost cancelling each other out in the CD of the extinction CS due to the opposite sign of these 
two contributions as they are associated with less interacting modes of the two triskelia in the stack that are 
similar to those of a single triskelion. Thus, the extra excitations present in the absorption under LCP light give 
rise to a distinctive CD in the absorption CS without counterpart in the scattering CS that in turn causes most 
of the CD in the extinction CS.

Finally, it is worth stressing that the study of the optical response as a function of the twist angle φ in Sect. 6 
was performed at an edge-to-edge distance of 30 nm. At this value of the distance, there is a certain overlap in 
the absorption between the LCP extra excitations and the main ones (see Fig. 4a). It happens in such a way that 
the absolute difference between the LCP and RCP signals is large around the excitations, while the CD in the 
extinction CS is still high enough, as shown in Fig. 4i. Besides, 30 nm is the midpoint of the range within about 
10 and 50 nm for which the CD associated with the extra peaks is maximum.

Near‑field distributions of the modulus of the electric field. The near-field distributions of the 
modulus of the electric field (intensity) in the vicinity (2 nm above) of each triskelion are shown in Fig. 5 and 
Fig. S2 in the Supplementary Information. The edge-to-edge distance between the two triskelia is 30 nm and the 
twist angles φ are 30° and 60° (Fig. 5), and 0° and 90° (Fig. S2 in the Supplementary Information), respectively. 
The excitation of the extra resonances causing the CD in the extinction discussed in the previous section can 
now be easily correlated with the near-field distribution around the triskelia in each case. For instance, when the 
angle is 30°, the two triskelia display high intensity of the electric field around the metal for LCP illumination, 
corresponding to the excitation of the extra modes. It is also possible to observe the signature of the top tris-
kelion on the plane of the bottom one as a blurry electric-field distribution resembling the spatial arrangement 
of the triskelion on top. On the contrary, under RCP illumination the overall electric response of the system is 
several times smaller since no extra resonances are excited for this polarization. Interestingly, the system shows a 
higher degree of optical activity under incident light with opposite polarization to the helicity of the structure, as 
previously reported in the  literature43. The electric-field distributions are similar for 90° (see Fig. S2 in the Sup-
plementary Information) but swapping the images corresponding to LCP and RCP light with respect to the 30° 
case, similarly to  Ref7 always showing the highest near-field activity in the case in which the helicity of the stack 
is opposite to that of the incident light.

Alternatively, when considering the configurations yielding no CD at all (60° and 0° in Fig. 5 and Fig. S2 in 
the Supplementary Information, respectively), the intensity distributions are almost indistinguishable for the two 

Figure 4.  Absorption, scattering, and extinction CS for LCP (a–c), and RCP (d–f), illuminations, respectively, 
as a function of the edge-to-edge distance for a fixed twist angle φ = 30°. FOM defined in Eq. (1) for the CD of 
the absorption (g), scattering (h), and extinction (i) as a function of the edge-to-edge distance.
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light polarizations. The case for 0° is like that of a single element because the two triskelia are parallelly aligned 
so that there is no chirality associated with the screw-like arrangement of the elements. In addition, the top 
element has a shadowing effect of the impinging radiation over the bottom one, hampering its excitation (more 
evident for the 0° case in Fig. S2 in the Supplementary Information). Even though there is no CD for 60° in any 
of the three studied optical functions, the intensity distributions look qualitatively different from those for 0° 
because the two triskelia display almost the same excitation regardless of the light polarization (see Fig. 5). It is 
worth stressing that for twist angles smaller than 60° the stack is more active under LCP illumination, whereas 
for angles higher than 60° the converse applies. Therefore, for 60° the system cannot show any differences on its 
excitation under either LCP or RCP light due to symmetry reasons.

A deeper insight into the differences in the activity of the stack under LCP and RCP light for the extra excita-
tions around 760 and 1100 nm (those mainly driven by interactions) can be gained by the near-field distributions 
of the modulus of the electric field in the middle plane between the two triskelia for d = 30 nm and φ = 30° (see 
Fig. 6). As shown in Fig. 6b,d, under LCP light (opposite to the helicity of the stack), there is high intensity of 
the electric field between the two triskelia for both extra modes caused by the strong interactions between them, 
so that the near-field distributions have high 3D character and can be considered as excitations of the stack as a 
whole. Consequently, they give rise to CD in the extinction CS according to their true 3D nature. On the contrary, 
the stack under RCP light (see Fig. 6a,c) shows much lower activity in between the two triskelia as the excitations 
correspond to more independent modes of the two triskelia (more planar character), and, consequently, they do 
not significantly contribute to the CD in the extinction CS.

All things considered, following the results presented in previous sections, the study of the near-field distri-
butions in the system reveals big differences in the intensity of the evanescent field under the two polarizations 
of light, providing a further proof of its chiral response.

Conclusions
To summarize, the CD in the extinction CS exhibited by the twisted stack of triskelia is determined by the 
arrangement of the two elements. The extra resonances yielding the dichroic signal mostly appear in the absorp-
tion CS and are not intrinsic to a single triskelion. Most of the previous work found in the literature exploits 
and manipulates resonances already shown by the single element used to build the chiral structure. On the 
contrary, our work shows that the excitations responsible for the CD in the extinction CS are arising from the 
interaction between the two triskelia and are not present in the single triskelion case. Moreover, they are clearly 
interaction-driven since they show strong tunability by adjusting both the distance between the elements and 
their twist angle.

In addition, the helicity of the system strongly favors the excitation of the extra resonances under the illumi-
nation of one of the circular polarizations only (that opposite to the helicity of the structure) yielding near-field 
distributions between the two triskelia with 3D character that cause strong CD in the extinction CS. Special cases 
are those for 0° and 120°, for which the extra resonances show the same intensity for both RCP and LCP light 
(no helicity of the stack) and their contributions cancel each other in the extinction CS. As the angle increases/
decreases from these values, the intensity for one polarization raises while rapidly vanishes for the opposite 
polarization. Thus, at an angle of 10◦ (110°) the extra resonances are only noticeable for one of the polarizations.

Finally, we have shown that by finely tuning the relative distance between the two triskelia and the twist angle 
of the structure, total control over the CD in the extinction can be achieved, obtaining tunable values up to 60% 

Figure 5.  Near-field distributions of the square modulus of the electric field normalized to that of the incident 
light under RCP and LCP illumination at a wavelength of 1100 nm for twist angles φ of 30° and 60°.
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in the visible to near-infrared range. The simplicity with which these parameters can be manipulated and finely 
defined through successive lithographic and thin film deposition processes makes our design of special interest 
for the realization of more reliable and efficient chiral plasmonic nanostructures.

This work constitutes a solid contribution to the polarization-dependent manipulation of light and holds 
promise for applications such as highly efficient helicity-sensitive surface spectroscopies or single-photon polari-
zation detectors.

Received: 21 October 2021; Accepted: 10 December 2021

References
 1. Wang, Y. et al. Active control and biosensing application of induced chirality between symmetric metal and graphene nanostruc-

tures. J. Phys. Chem. C 123, 24754–24762. https:// doi. org/ 10. 1021/ acs. jpcc. 9b075 76 (2019).
 2. Fasman, G. D. Circular Dichroism and the Conformational Analysis of Biomolecules (Springer, 2013).
 3. Hutt, A. J. & O’Grady, J. Drug chirality: A consideration of the significance of the stereochemistry of antimicrobial agents. J. 

Antimicrob. Chemother. 37, 7–32. https:// doi. org/ 10. 1093/ jac/ 37.1.7 (1996).
 4. Pendry, J. B. A chiral route to negative refraction. Science 306, 1353–1355. https:// doi. org/ 10. 1126/ scien ce. 11044 67 (2004).
 5. Kitzerow, H. & Bahr, C. Chirality in Liquid Crystals; 2001; ISBN 0387986790.
 6. Luo, Y. et al. Plasmonic chiral nanostructures: chiroptical effects and applications. Adv. Opt. Mater. 5, 1–18. https:// doi. org/ 10. 

1002/ adom. 20170 0040 (2017).
 7. Petronijevic, E. et al. Chiral effects in low-cost plasmonic arrays of elliptic nanoholes. Opt. Quantum Electron. 52, 1–10. https:// 

doi. org/ 10. 1007/ s11082- 020- 02279-8 (2020).
 8. Gansel, J. K. et al. Gold helix photonic metamaterial as broadband circular polarizer. Science 325, 1513–1515. https:// doi. org/ 10. 

1126/ scien ce. 11770 31 (2009).
 9. Govorov, A. O. et al. Chiral nanoparticle assemblies: Circular dichroism, plasmonic interactions, and exciton effects. J. Mater. 

Chem. 21, 16806–16818. https:// doi. org/ 10. 1039/ c1jm1 2345a (2011).
 10. Li, J. et al. Tunable chiral optics in all-solid-phase reconfigurable dielectric nanostructures. Nano Lett. 21, 973–979. https:// doi. 

org/ 10. 1021/ acs. nanol ett. 0c039 57 (2021).
 11. Huttunen, M. J. et al. Nonlinear chiral imaging of twisted-cross gold nano-objects. Opt. Mater. Express 1, 2501–2503 (2011).
 12. Decker, M. et al. Strong optical activity from twisted-cross photonic metamaterials. Opt. Lett. 34, 2501. https:// doi. org/ 10. 1364/ 

ol. 34. 002501 (2009).
 13. Valev, V. K., Baumberg, J. J., Sibilia, C. & Verbiest, T. Chirality and chiroptical effects in plasmonic nanostructures: Fundamentals, 

recent progress, and outlook. Adv. Mater. 25, 2517–2534. https:// doi. org/ 10. 1002/ adma. 20120 5178 (2013).
 14. Hu, G., Wang, M., Mazor, Y., Qiu, C. W. & Alù, A. Tailoring light with layered and Moiré metasurfaces. Trends Chem. 3, 342–358. 

https:// doi. org/ 10. 1016/j. trechm. 2021. 02. 004 (2021).
 15. Kuzyk, A. et al. Reconfigurable 3D plasmonic metamolecules. Nat. Mater. 13, 862–866. https:// doi. org/ 10. 1038/ nmat4 031 (2014).
 16. Schreiber, R. et al. Chiral plasmonic DNA nanostructures with switchable circular dichroism. Nat. Commun. 4, 1–6. https:// doi. 

org/ 10. 1038/ ncomm s3948 (2013).

Figure 6.  Near-field distributions of the square modulus of the electric field normalized to that of the incident 
light under RCP and LCP illumination at wavelengths of 760 nm (a, b), and 1100 nm (c, d), for twist angles φ of 
30° in a plane perpendicular to the axis of the stacking and equidistant to both triskelia.

https://doi.org/10.1021/acs.jpcc.9b07576
https://doi.org/10.1093/jac/37.1.7
https://doi.org/10.1126/science.1104467
https://doi.org/10.1002/adom.201700040
https://doi.org/10.1002/adom.201700040
https://doi.org/10.1007/s11082-020-02279-8
https://doi.org/10.1007/s11082-020-02279-8
https://doi.org/10.1126/science.1177031
https://doi.org/10.1126/science.1177031
https://doi.org/10.1039/c1jm12345a
https://doi.org/10.1021/acs.nanolett.0c03957
https://doi.org/10.1021/acs.nanolett.0c03957
https://doi.org/10.1364/ol.34.002501
https://doi.org/10.1364/ol.34.002501
https://doi.org/10.1002/adma.201205178
https://doi.org/10.1016/j.trechm.2021.02.004
https://doi.org/10.1038/nmat4031
https://doi.org/10.1038/ncomms3948
https://doi.org/10.1038/ncomms3948


9

Vol.:(0123456789)

Scientific Reports |           (2022) 12:26  | https://doi.org/10.1038/s41598-021-03908-2

www.nature.com/scientificreports/

 17. Pfeiffer, C., Zhang, C., Ray, V., Guo, L. J. & Grbic, A. High performance bianisotropic metasurfaces: Asymmetric transmission of 
light. Phys. Rev. Lett. 113, 1–5. https:// doi. org/ 10. 1103/ PhysR evLett. 113. 023902 (2014).

 18. Wu, Z. & Zheng, Y. Moiré Chiral Metamaterials. Adv. Opt. Mater. 5, 1–9. https:// doi. org/ 10. 1002/ adom. 20170 0034 (2017).
 19. Zhao, Y., Belkin, M. A. & Alù, A. Twisted optical metamaterials for planarized ultrathin broadband circular polarizers. Nat. Com-

mun. https:// doi. org/ 10. 1038/ ncomm s1877 (2012).
 20. Rogacheva, A. V., Fedotov, V. A., Schwanecke, A. S. & Zheludev, N. I. Giant gyrotropy due to electromagnetic-field coupling in a 

bilayered chiral structure. Phys. Rev. Lett. 97, 1–4. https:// doi. org/ 10. 1103/ PhysR evLett. 97. 177401 (2006).
 21. Wang, Y. et al. Strong circular dichroism enhancement by plasmonic coupling between graphene and h-shaped chiral nanostructure. 

Opt. Express 27, 33869. https:// doi. org/ 10. 1364/ oe. 27. 033869 (2019).
 22. Wang, Y. et al. Dynamically adjustable-induced THz circular dichroism and biosensing application of symmetric silicon-graphene-

metal composite nanostructures. Opt. Express 29, 8087. https:// doi. org/ 10. 1364/ oe. 419614 (2021).
 23. Wang, Y. et al. Circular dichroism enhancement in grapheme with planar metal nanostructures: A computational study. Appl. Surf. 

Sci. https:// doi. org/ 10. 1016/j. apsusc. 2019. 145070 (2020).
 24. Wang, Y. et al. Circular dichroism enhancement and dynamically adjustment in planar metal chiral split rings with graphene sheets 

arrays. Nanotechnology https:// doi. org/ 10. 1088/ 1361- 6528/ ac0ac6 (2021).
 25. Wang, H. et al. Full color generation using silver tandem nanodisks. ACS Nano 11, 4419–4427. https:// doi. org/ 10. 1021/ acsna no. 

6b084 65 (2017).
 26. Zhou, Y. et al. Multifunctional metaoptics based on bilayer metasurfaces. Light Sci. Appl. https:// doi. org/ 10. 1038/ s41377- 019- 0193-3 

(2019).
 27. Menzel, C., Sperrhake, J. & Pertsch, T. Efficient treatment of stacked metasurfaces for optimizing and enhancing the range of 

accessible optical functionalities. Phys. Rev. A 93, 1–12. https:// doi. org/ 10. 1103/ PhysR evA. 93. 063832 (2016).
 28. Liu, N., Liu, H., Zhu, S. & Giessen, H. Stereometamaterials. Nat. Photonics 3, 157–162. https:// doi. org/ 10. 1038/ nphot on. 2009.4 

(2009).
 29. Lumerical Inc. Innovative Photonic Design Tools. Available online: https:// www. lumer ical. com/
 30. Conde-Rubio, A. et al. Geometric frustration in a hexagonal lattice of plasmonic nanoelements. Opt. Express 26, 20211. https:// 

doi. org/ 10. 1364/ oe. 26. 020211 (2018).
 31. Conde-Rubio, A. et al. Geometric frustration in ordered lattices of plasmonic nanoelements. Sci. Rep. 9, 1–10. https:// doi. org/ 10. 

1038/ s41598- 019- 40117-4 (2019).
 32. Ernst, U. & Daniel, B. Assembly units of clathrin coats. Nature 289, 420–422 (1981).
 33. Hopkins, B., Poddubny, A. N., Miroshnichenko, A. E. & Kivshar, Y. S. Circular dichroism induced by Fano resonances in planar 

chiral oligomers. Laser Photonics Rev. 10, 137–146. https:// doi. org/ 10. 1002/ lpor. 20150 0222 (2016).
 34. Ogier, R., Fang, Y., Svedendahl, M., Johansson, P. & Käll, M. Macroscopic layers of chiral plasmonic nanoparticle oligomers from 

colloidal lithography. ACS Photonics 1, 1074–1081. https:// doi. org/ 10. 1021/ ph500 293u (2014).
 35. Kuwata-Gonokami, M. et al. Giant optical activity in quasi-two-dimensional planar nanostructures. Phys. Rev. Lett. 95, 1–4. https:// 

doi. org/ 10. 1103/ PhysR evLett. 95. 227401 (2005).
 36. Schwanecke, A. S. et al. Broken time reversal of light interaction with planar chiral nanostructures. Phys. Rev. Lett. 91, 1–4. https:// 

doi. org/ 10. 1103/ PhysR evLett. 91. 247404 (2003).
 37. Auguié, B., Alonso-Gómez, J. L., Guerrero-Martínez, A. & Liz-Marzán, L. M. Fingers crossed: Optical activity of a chiral dimer of 

plasmonic nanorods. J. Phys. Chem. Lett. 2, 846–851. https:// doi. org/ 10. 1021/ jz200 279x (2011).
 38. Chu, Y., Schonbrun, E., Yang, T. & Crozier, K. B. Experimental observation of narrow surface plasmon resonances in gold nano-

particle arrays. Appl. Phys. Lett. https:// doi. org/ 10. 1063/1. 30123 65 (2008).
 39. Cheng, Y., Wang, M., Borghs, G. & Chen, H. Gold nanoparticle dimers for plasmon sensing. Langmuir 27, 7884–7891. https:// doi. 

org/ 10. 1021/ la200 840m (2011).
 40. Liu, S. D., Liu, J. Y., Cao, Z., Fan, J. L. & Lei, D. Dynamic tuning of enhanced intrinsic circular dichroism in plasmonic stereo-

metamolecule array with surface lattice resonance. Nanophotonics 9, 3419–3434. https:// doi. org/ 10. 1515/ nanoph- 2020- 0130 (2020).
 41. Yin, X. et al. Active chiral plasmonics. Nano Lett. 15, 4255–4260. https:// doi. org/ 10. 1021/ nl504 2325 (2015).
 42. Mattioli, F. et al. Plasmonic superchiral lattice resonances in the mid-infrared. ACS Photonics 7, 2676–2681. https:// doi. org/ 10. 

1021/ acsph otoni cs. 0c001 61 (2020).
 43. Decker, M., Zhao, R., Soukoulis, C. M., Linden, S. & Wegener, M. Twisted split-ring-resonator photonic metamaterial with huge 

optical activity. Opt. Lett. 35, 1593. https:// doi. org/ 10. 1364/ ol. 35. 001593 (2010).

Author contributions
J.R.-A. and A.G.-M. performed the simulations. J.R.-A, A.G.-M. and A.L. wrote the first version of the manu-
script. All the authors participated in the discussion and review of the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 021- 03908-2.

Correspondence and requests for materials should be addressed to J.R.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

https://doi.org/10.1103/PhysRevLett.113.023902
https://doi.org/10.1002/adom.201700034
https://doi.org/10.1038/ncomms1877
https://doi.org/10.1103/PhysRevLett.97.177401
https://doi.org/10.1364/oe.27.033869
https://doi.org/10.1364/oe.419614
https://doi.org/10.1016/j.apsusc.2019.145070
https://doi.org/10.1088/1361-6528/ac0ac6
https://doi.org/10.1021/acsnano.6b08465
https://doi.org/10.1021/acsnano.6b08465
https://doi.org/10.1038/s41377-019-0193-3
https://doi.org/10.1103/PhysRevA.93.063832
https://doi.org/10.1038/nphoton.2009.4
https://www.lumerical.com/
https://doi.org/10.1364/oe.26.020211
https://doi.org/10.1364/oe.26.020211
https://doi.org/10.1038/s41598-019-40117-4
https://doi.org/10.1038/s41598-019-40117-4
https://doi.org/10.1002/lpor.201500222
https://doi.org/10.1021/ph500293u
https://doi.org/10.1103/PhysRevLett.95.227401
https://doi.org/10.1103/PhysRevLett.95.227401
https://doi.org/10.1103/PhysRevLett.91.247404
https://doi.org/10.1103/PhysRevLett.91.247404
https://doi.org/10.1021/jz200279x
https://doi.org/10.1063/1.3012365
https://doi.org/10.1021/la200840m
https://doi.org/10.1021/la200840m
https://doi.org/10.1515/nanoph-2020-0130
https://doi.org/10.1021/nl5042325
https://doi.org/10.1021/acsphotonics.0c00161
https://doi.org/10.1021/acsphotonics.0c00161
https://doi.org/10.1364/ol.35.001593
https://doi.org/10.1038/s41598-021-03908-2
https://doi.org/10.1038/s41598-021-03908-2
www.nature.com/reprints


10

Vol:.(1234567890)

Scientific Reports |           (2022) 12:26  | https://doi.org/10.1038/s41598-021-03908-2

www.nature.com/scientificreports/

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2022

http://creativecommons.org/licenses/by/4.0/

	Tunable circular dichroism through absorption in coupled optical modes of twisted triskelia nanostructures
	System and numerical methods
	Numerical simulations. 
	Design of the triskelia stacking. 

	Results and discussion
	Optical responses of the single triskelion vs the stacking. 
	Tuning interactions: relative in-plane angle between the triskelia. 
	Tuning interactions: edge-to-edge distance. 
	Near-field distributions of the modulus of the electric field. 

	Conclusions
	References


