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We present the second harmonic generation — circular dichroism response from G-shaped gold nanostructures
for P -polarized incoming light. By eliminating the contributions of anisotropy to the signal, an absolute measure
of the second harmonic generation — circular dichroism is presented. The system of planar nanostructures is an
excellent model for studying the correlation between optical properties and chiral morphology at the nanoscale.
Samples with both enantiomorphs of the chiral pattern were prepared and, demonstrating the unambiguous
presence of chirality, the second harmonic generation — circular dichroism response from two such samples was
fitted simultaneously with a single set of fitting parameters.

PACS numbers: 42.65.Ky, 81.05.Xj, 78.67.Pt, 36.20.Ey

1. Introduction

Numerous biomolecules are said to be chiral, i.e. they
are shaped with a sense of “twist”. Chirality is the geo-
metric property of rigid objects, or groups of atoms, of
being non-superimposable on their mirror image. The
two geometrical structures are then distinguishable by
their handedness and are designated as “enantiomorphs”.
Experimental techniques capable of distinguishing be-
tween enantiomorphs are highly desired in the fields of
biology, chemistry, pharmacology and medicine.

Second harmonic generation — circular dichroism
(SHG-CD) [1, 2] is a nonlinear optical technique with
demonstrated sensitivity at the molecular level for both
surfaces and interfaces. The method is well known for
being capable of distinguishing between left or right
handed molecules, with a sensitivity that is much greater
than that of linear probes, especially in systems involv-
ing monolayers of organic molecules. Organic molecules,
however, can be difficult to synthesize and arrange at the
monolayer level. Therefore, patterned metallic thin films,
in which chirality can be tailored according to specifica-
tions, would constitute a very useful model system for
studying the dependence of SHG-CD on the degree of
chirality.

2. Experimental part

The investigated samples consist of a periodic ar-
ray of G-shaped microstructures made of a Au(25 nm)
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film evaporated by DC sputtering system on the top
of a Si/SiO2 substrate. For the sample preparation,
we first cover the substrate with a double polymethyl
metacrylate-methyl metacrylate resist layer in which the
array of G-shaped structures is defined by electron-beam
lithography. After the bilayer deposition, the resist is re-
moved by a liftoff procedure. Figure 1 shows scanning
electron microscopy images of the two chiral structures
investigated. The lateral size of each individual motif
is 1 µm wide, the line width is 200 nm and the sepa-
ration between neighboring structures is 200 nm. The
whole array covers an area of 2.5× 2.5 mm2.

Fig. 1. Scanning electron microscopy pictures of the
samples.

SHG-CD measurements were performed with a Mai-
-Tai femtosecond laser system at a wavelength of 800 nm.
The pulse length was approximately 100 fs and the rep-
etition rate was 80 MHz. Figure 2 shows the essential
features of the experiment. The initial beam polariza-
tion was set by means of a Glan–Thompson polarizer.
Subsequently, the rotation by an angle θWP of a quar-
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Fig. 2. Schematic diagram of the experimental config-
uration.

ter wave-plate modulated the polarization from left- to
right-circularly polarized states. Next, the fundamental
light, having a power of 300 mW, was focused on the
sample through a lens of 10 cm focal length. The angle
of optical incidence on the sample θ was 45◦. The sample
was mounted on a motorized rotation stage. After reflec-
tion, the second harmonic was filtered through a BG39
filter, while the 800 nm radiation was blocked. The beam
then passed through an analyzer and reached a XP2020
photomultiplier tube.

3. Theoretical part

The second-harmonic response can be described by a
nonlinear polarization, which is expressed in the electric-
-dipole approximation as [3]:

P NL(2ω) = χ(2)E(ω)E(ω), (1)
where ω is the frequency of light, χ(2) is the second or-
der susceptibility tensor and E(ω) is the electric field
component of the incident light. It follows from this
formula that the SHG can only be generated in non-
-centrosymmetric materials or regions of matter that lack
inversion symmetry, such as surfaces and interfaces. χ(2)

is a third rank tensor and, depending on the symmetry of
the material, the number of non-vanishing susceptibility
components can be significantly reduced. For an in-plane
isotropic chiral sample (C∞ symmetry), the second order
susceptibility becomes

χ(2) =




0 0 0 χxyz χxxz 0
0 0 0 χyyz χyxz 0

χzxx χzyy χzzz 0 0 0


 , (2)

where χxzz = χyzz, χxxz = χyyz and χxyz = −χyxz.
This last component leads to the appearance of nonlin-
ear optical activity (the nonlinear equivalent of optical
activity) and henceforth is responsible for the SHG-CD
effect. This component is often referred to as the chiral
one, since it is present only in chiral systems. The other
components are referred to as achiral because they occur
in both chiral and achiral systems.

It has been shown that the second-harmonic field can
be conveniently written in terms of the components of
the fundamental field E:

IP−out(2ω) =
∣∣fP−outE

2
P−in + gP−outE

2
S−in

+hP−outEP−inES−in

∣∣2, (3)
where the coefficients fP−out, gP−out and hP−out are
complex parameters, which are linear functions of the
first-order nonlinear susceptibility tensor elements. In
the following, we shall indicate the real and imaginary
parts of these complex numbers by the indices 1 and 2,
respectively. The exact form of these coefficients depends
on the symmetry of the sample. Furthermore, they are
different for the reflected and transmitted second-har-
monic light and they also depend on the angle of optical
incidence.

After neglecting the refractive indices, for a chiral
isotropic surface in the electric dipole approximation and
in the reflection geometry, the dependence of fP−out,
gP−out and hP−out on the different susceptibility com-
ponents takes the following form [4]:

fP−out = sin θ(2χzzz sin2 θ + χzxx cos2 θ

+2χxxz cos2 θ),

gP−out = sin θ(χzxx),

hP−out = − sin θ(−2χxyz cos θ), (4)
where the subscripts S and P refer to the particular com-
ponent of the SH-field.

Plotting the SHG intensity as a function of wave-plate
angle allows one to extract the values of fP−out, gP−out

and hP−out. For a wave-plate of retardation δ (where
δ = π/2 is a half wave-plate and δ = π/4 is a quarter
wave-plate), the fitting formula for the second-harmonic
intensity as function of the polarization state of the in-
coming beam, which is determined by the initial state of
linear polarization and the rotation of an angle θWP of the
wave-plate, can be expressed by the following formulae.

For P -polarized light before the quarter wave-plate [5]:

IP−in(2ω) =
1
4

[
− 2f1 cos2 δ + (f1 + g1) sin2 δ

+(f1 − g1) sin2 δ cos 4θWP

−2f2 sin 2δ cos 2θWP + h1 sin2 δ sin(4θWP)
]2

+
1
4

[
− 2f2 cos2 δ + (f2 + g2) sin2 δ

+(f2 − g2) sin2 δ cos 4θWP

+2f1 sin 2δ cos 2θWP + h1 sin 2δ sin 2θWP

]2

. (5)

For S-polarized light before the wave-plate

IS−in(2ω) =
1
4

[
2g1 cos2 δ − (f1 + g1) sin2 δ

+(f1 − g1) sin2 δ cos 4θWP

−g22 sin 2δ cos 2θWP + h1 sin2 δ sin(4θWP)
]2

+
1
4

[
2g2 cos2 δ − (f2 + g2) sin2 δ
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+(f2 − g2) sin2 δ cos 4θWP

+g12 sin 2δ cos 2θWP − h1 sin 2δ sin 2θWP

]2

. (6)

4. Results

Our samples have a 4-fold symmetry in the plane,
which, in terms of the SHG is equivalent to an isotropic
surface. However, anisotropy of the Si/SiO2 substrate
could contribute to an SHG-CD-like effect [6]. In order
to eliminate this undesired signal, we have performed an
absolute measurement of the SHG-CD in our samples.
The procedure consisted of recording a SHG-CD pattern
upon rotating the wave-plate 360◦ in steps of 3◦, for 36
steps of 10◦ azimuthal rotation of the sample. After-
wards, all the azimuthal rotations were averaged to pro-
duce a single SHG-CD pattern, representative of a chiral
isotropic surface. As it is well known, chirality is unaf-
fected by rotation symmetry, while by this method any
anisotropy is averaged out.

Figure 3 shows the SHG intensity versus the rotation
angle of a quarter wave-plate at 800 nm.

Fig. 3. The SHG intensity versus the rotation angle
of a quarter wave-plate for two polarizer-analyzer com-
binations, i.e. P–P in (a), (c) and P–S and S–P
in (b), (d). The data were recorded from the mirror-G
sample in (a), (b) and from the G sample in (c), (d). The
symbols indicate the experimental data and the lines are
theoretical fits. The arrow in (a) indicates the position
where the fast axis of the wave-plate is parallel to the
incoming polarization.

The fits were performed by using 5 and 6 with
a single set of fitting parameters, containing chiral
(h1,P−out = ±1.75) and achiral isotropic (f1,P−out =
−0.29, f2,P−out = 11.5, g1,P−out = −8.2 and g2,P−out =
−1.6) contributions. Reversing the sign of the chiral fit-
ting parameters fits the opposite handedness. The suc-
cessful fitting procedure demonstrates that chiral nano-
structures are very good model systems for the study of
chirality with second harmonic generation.

5. Conclusions

We presented the SHG-CD measurements of G and
mirror-G shaped gold nanostructures for P -polarized
incoming light. By eliminating the contributions of
anisotropy to the signal, an absolute measure of the SHG-
-CD was obtained. Samples with both enantiomorphs of
the chiral pattern were prepared and, demonstrating the
unambiguous presence of chirality, the SHG-CD response
from two such samples was fitted simultaneously with a
single set of fitting parameters.
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