Chirality in nonlinear-optical response
of planar G-shaped nanostructures
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Abstract: Chirality effectsin optical second harmonic generation (SHG)
are studied in periodic planar arrays of gold G-shaped nanostructures. We
show that G-shaped structures of different handedness demonstrate different
SHG efficiency for the left and right circular polarizations, as well as the
opposite directions of the SHG polarization plane rotation. The observed
effects are interpreted as the appearance of chirality in the SHG response
which allows clear distinguishing of two enantiomers.
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1. Introduction

Interaction of electromagnetic waves with artificial nanostructuresis of high interest nowadays.
A special place here belongs to chiral objects, which possess optical activity and thus allow to
control over the polarization state of light. The rotation of the polarization plane of a beam
transmitted through an optically active 3D medium can arise due to different values of the
refractive and absorption coefficients for the left and right circularly polarized light, which
leads to the opposite directions of the polarization rotation for |eft- and right-handed 3D media.
The concept of chirality in case of planar objectsisthe sameasfor 3D onesand involvesthelack
of amirror symmetry in the plane of the structure [1]. In case of 2D objects the bulky helical
structure does not exist, while the chirality may originate from the shape of asingle elementary
part [1-4] as well as from an asymmetrical arrangement of the elements [5-8]. Planar chiral
nanostructures can be used for the composition of negative refractive metamaterials, as chirality
can suppress the refractive index of light of acertain handedness. In full analogy with 3D chiral
media, chiral properties of 2D structures can be revealed when studying the polarization state
of their linear and nonlinear optical response, while a direct evidence of this effect has not been
demonstrated up to now.

Second harmonic generation (SHG) technique is known as an extremely sensitive probe of
the symmetry of nanoobjects[9,10]. Asthe second order susceptibility vanishesin centrosym-
metric materials, the SHG sources in case of nanostructures composed of centrosymmetric
materials are localized primarily on surfaces and internal interfaces where the inversion sym-
metry is broken. Being a nonlinear optical probe, the SHG intensity is governed by local field
distribution in astructure at the fundamental and SHG wavelengths. Resonant plasmon-assisted
SHG enhancement has been observed in avariety of metallic nanostructures such as plasmonic
nanocavities [11], isolated metallic nanoparticles [12], self-organized metallic nanowires [13],
split-ring resonators[14], etc. It was found that pronounced SHG polarization dependencies are
attained for different spatial multipoles[15,16]. Experimental observation of the SHG enhance-
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ment in plasmonic nanostructures have led to new theoretical developmentsinthisfield[17,18].

New effects can be expected for the SHG in chiral nanostructures as chirality defines the
symmetry of the second-order susceptibility tensor (2. Namely it resultsin the appearance of
anonzero tensor element yyy, that vanishes in achiral structures. The sign of yxy, component
is determined by the handedness of the structure, which brings about the intrinsic sensitivity
of the SHG response to the chirality state of a structure and allows to distinguish different
enantiomers. This property has been demonstrated for G-shaped structures viaasymmetric SHG
as pronounced SHG azimuthal anisotropic dependencies were observed for the structures of
different chirality, i.e. composed by G and mirror-G enantiomers[19].

In this Letter the appearance of chirality in the SHG response of planar G-shaped metama-
terialsis studied in periodic ensembles of G-shaped chiral nanostructures of different handed-
ness. The differencesin SHG anisotropy as well as polarization plane rotation in G-shaped and
mirror-G-shaped structures prove the chiral properties of the structures under study.

2. Experimental setup and results

The samples consist of periodic arrays of G-shaped nanostructures made from a 25 nm thick
Au film deposited onto S(100) /SO, substrate, the thickness of the SO, layer was 200 nm.
Each individual G-shaped structure was predefined by electron-beam lithography on an area of
1x1 um?. The line width and the separation between the neighbouring G-shaped structures is
200 nm. The experimental procedure is described in more detail in [5]. The ensembles of the
so called double-periodic G and mirror-G structures were studied. Figure 1 shows the scanning
electron microscopy image of one of them. Due to the composition of the samples they possess
four-fold symmetry which should influence their optical response, therefore the anisotropy of
optical and nonlinear-optical response of G-shaped structures hasto be taken into consideration.

200 n. mi

Fig. 1. SEM image of a double-periodic G-shaped structure.

For the SHG experiments the s-polarized radiation of a Ti:Sapphire laser was used at the
wavelength of 780 nm, the pulse duration of 80 fs, the repetition frequency of 80 MHz and a
mean power of 150 mW. The pump radiation was focused on the sample into aspot of 50 umin
diameter at an angle of incidence of 45°. SHG radiation reflected in the specular direction was
spectrally selected by BG39 Schott color filters, passed through a diaphragm with the angular
aperture of 5° and was detected by a photomultiplier operating in the photon counting mode.
Pump beam polarization was controlled by A /2 plate and the SHG polarization was detected
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by Babinet—Soleil compensator and an analyzer. The appearance of chirality in the nonlinear-
optical response was studied by measuring the azimuthal dependencies of the SHG radiation
in the samples of different handedness, the value y = 0° corresponds to the case when the
polarization plane of the fundamental beam is parallel to the side of G-shaped elements.
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Fig. 2. Azimuthal anisotropy of the intensity of p, s (a) and (+45°), (-45°) (b) polarized
SHG for array of G-shaped nanostructures under the excitation by s-polarized pump beam.

For the full characterization of the SHG reflected from periodic G-shaped structures the
azimuthal dependencies of p, s, +45°, —45° linearly polarized radiation at the double fre-
guency along with the right and left circularly polarized SHG were studied. Figure 2 shows
the SHG anisotropic azimuthal dependencies measured for one of the enantiomers for the s-
polarized fundamental beam. Qualitatively similar dependencies were obtained for mirror-G-
shaped structures as well, their main feature being the four-fold symmetry of the SHG pattern
that shifts along the y axis when the SHG polarization is changed.

These measurements allowed to estimate the anisotropic dependencies of the Stokes parame-
tersat the SHG frequency, S, S, S and S3. The § parameter corresponds to the total intensity
of the reflected SHG, S;=lp — ls, =145 — |50 and S=lignt — liert [20], where the super-
scripts p, s, +45°, —45°, left and right denote the corresponding polarization of the SHG ra-
diation. The angle of the polarization plane rotation can be calculated as ¢ = —% arctan(S$/S)
(¢ € [0; m]). Theellipticity angle of the reflected light & can be calculated as arctan(a/b), where
a and b are the axes of the polarization ellipse. Taking into account that in the experiments we
detected only coherent SHG component, the ellipticity angle was estimated using the expres-

sion € = arccos(,/(%)hr (%)2). Here we do not have to consider the sign of € asit is the

same for any azimuthal angle of each structure.

Figure 3 shows the anisotropy of the circularly polarized SHG intensity in double-periodic
G-shaped metamaterials. It can be seen that four-fold azimuthal dependencies are observed for
both left- and right- circular SHG polarization. The maxima of the SHG intensity are close to
the azimuthal angles v = 0°,90°,180°,270° and are shifted from these values in the opposite
directions for different circular polarizations. Similar features were observed for the azimuthal
maxima obtained for the linearly polarized SHG (Fig. 2). Another issue to be pointed out is
that the average SHG intensity is different for the left- and right- circularly polarized SHG. It
isclear from Fig. 3 that the total SHG intensity averaged over all the azimuthal orientations of
the samples and estimated as the square under the curve is at least twice larger for the left cir-
cular SHG polarization as compared with that obtained for theright circular SHG polarization.
The opposite situation is observed for the mirror-G-shaped metamaterials. In other words, we
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Fig. 3. Anisotropy of the the left- (open circles) and right- (filled circles) circularly polar-
ized SHG in double-periodic array consisting of G-shaped nanostructures under the influ-
ence of linearly s-polarized fundamental radiation.

demonstrate that different efficiency for the left— and right— circularly polarized SHG is at-
tained for chiral nanostructures of the opposite handedness. Thisisavery important conclusion
that proves that we really observe different chirality of G- and mirror-G structuresin the SHG
response, which should not be confused with the effect of the anisotropy of the structure.

It is worth mentioning that the Stokes parameters of the fundamental radiation (780 nm)
reflected from the samples were measured as well. The angle of the polarization plane rotation
0 Was estimated for different azimuthal orientations of the samples. It turned out that ¢, ()
dependencies measured for the two enantiomers are very similar, the maximal value of the
polarization plane rotation of about 4° was observed. No changes in the sign of ¢, (y) were
detected for the two mirror G-structures, which means that the linear reflectivity measurements
do not allow to distinguish between the two enantiomers within the experimental accuracy.

Figure 4 shows the azimuthal dependencies of the SHG polarization plane rotation ¢z (W)
in double-periodic G- and mirror-G-shaped structures. It can be seen from the figure that the
second harmonic reflected from the samples is elliptically polarized, that is shown schemat-
icaly by ellipses with the notification of the handedness of the rotation. Moreover, we ob-
serve that the orientation of the main axis of the SHG polarization ellipse corresponds to the
p-polarization at y = 0, then it changes continuously to s-polarization for y = 40° and then
back to p-polarization (v = 90°). This scenario is periodic in /2. In other words, linearly p-
polarized SHG is observed as the polarization plane of the pump beam is parallel to the sides
of G-elements, i.e. for the azimuthal angles w = n-n/2,n=0,1,2..., while it is s-polarized
as the polarization plane of the fundamental beam is paralel to the diagonals of the sample.
The corresponding azimuthal angles are 40°, 130°, 220° and 310° and we can consider them as
those corresponding to the maximal SHG polarization plane rotation.

Itisworth noting that ¢4 () dependencies are also four-fold symmetric and look like mirror
imagesfor G- and mirror-G structures. It meansthat the direction of the SHG polarization plane
rotation isopposite for the two enantiomersin accordance with the different handedness of these
structures. In other words, we have shown that the effects of the SHG pol arization plane rotation
can be exploited for distinguishing between the enantiomers of planar chiral nanostructures.
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Fig. 4. Azimuthal dependence of the SHG polarization plane rotation for the double-
periodic arrays of G-shaped (filled circles) and mirror-G-shaped (open circles) nanostruc-
tures. The angle of SHG polarization plane 0° and 180° corresponds to the p-polarized
SHG and 90° - s-polarized SHG. For the azimuthal angles 0°, 22.5°, 90°, 67.5° and 90°
polarization states are shown for both samples.

3. Discussion

When discussing the possible mechanisms of the observed dependencies we should first of al
refer to the previous studies [5, 21] where a strong anisotropy of the linearly polarized SHG
was observed for similar structures. It was proved that the main effect to play a role in this
anisotropy is the different local field distribution at the fundamental wavelength for different
azimuthal orientation of the samples. Thisstemsfrom the expression for the SHG intensity [21]:
Iy o <(;z<2> L2w(w)L§,(w))2> 12, where Lo, Ly, are the local field factors at the fundamental
and SHG wavelengths, |, isthe pump intensity and the brackets denote the statistical averaging
over the laser spot area.

We suppose that in our case different anisotropy of the fundamental field local factor is
achieved for the two mirror G-shaped structures, which results in antisymmetric azimuthal
dependencies of the polarization plane rotation for the two enantiomers. Thus different hand-
edness of the structures results in antisymmetric distribution of the local fields of different
polarizations, that governs the direction of the SHG polarization plane rotation.

At the sametime, no such effects are observed for the case of linear-optical response from the
same structures. Thisis possible due to an intrinsically much less structural and field sensitivity
of the linear response.

4. Conclusions

In conclusion, the anisotropy of the circularly polarized SHG in planar arrays of two-period
gold G-shaped nanostructures is studied. A significant rotation of the polarization plane of
the reflected SHG is detected. The polarization plane rotation of up to 90° is attained as the
polarization plane of the fundamental beam is oriented along the diagonal to the G-element.
The azimuthal dependencies of the polarization plane rotation of the fundamental beam are
similar for the two enantiomers, while they are found to be of the opposite signsin case of the
SHG. It should be stressed that these results are valid under the used experimental conditions,
i.e. at the pump wavelength of 780 nm and the angle of incidence of 45 degrees.
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