
Circular Dichroism in the Optical Second-Harmonic Emission of Curved Gold Metal Nanowires

A. Belardini,* M.C. Larciprete, M. Centini, E. Fazio, and C. Sibilia

Dipartimento di Scienze di Base e Applicate per l’Ingegneria, Sapienza Università di Roma and CNISM,
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Here we report the experimental observation of circular dichroism in the second-harmonic field

(800–400 nm conversion) generated by self-organized gold nanowire arrays with subwavelength period-

icity (160 nm). Such circular dichroism, raised by a nonlinear optical extrinsic chirality, is the evident

signature of the sample morphology. It arises from the curvature of the self-assembled wires, producing a

lack of symmetry at oblique incidence. The results were compared, both in the optical linear and nonlinear

regime, with a reference sample composed of straight wires. Despite the weak extrinsic optical chirality of

our samples (not observable by our optical linear measurements), high visibility (more than 50%) was

obtained in the second-harmonic generated field.
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Optical second-harmonic generation (SHG) is a very
sensitive method for the study of symmetry properties of
surfaces and thus was widely used for the characterization
of chemical and biological samples [1]. In order to enhance
the second-harmonic (SH) conversion efficiency, metal
nanopatterned surfaces such as nanoholes [2], nanowires
[3,4], and nanorods [5] have been proposed and investi-
gated. In these structures the electric field intensity can
increase up to several orders of magnitude due to the
mutual effect of field localization near the sharp edges
and localized surface plasmon excitation. In this context
a great deal of effort was devoted in past years to the study
of the linear and nonlinear response of nanopatterned metal
surfaces coupled to 3D- [6] or 2D-chiral [7] metamole-
cules. The importance of chirality, namely, the lack of a
plane of symmetry of an object that is nonsuperimposable
on its mirror image, arises from different issues. Chiral
media can be used in active polarization controllers and
light diodes [8] for optical signal processing devices.
Moreover, it has recently been shown that nanoscale chiral
materials can produce negative refraction [9] and thus can
be used as base elements in metamaterial constitution.
Apart from 3D- and 2D-chiral objects, the possibility to
obtain optical chirality, i.e., optical activity, with nonchiral
elements was studied in the past [10], but only recently
reconsidered [11–13]. This phenomenon, which can be
referred to as optical extrinsic chirality, is obtained when
the experimental configuration composed by both the non-
chiral object and the optical incident field is nonsuperim-
posable on its mirror image, and was characterized from
the optical linear point of view in Refs. [11–13]. An
important result was obtained in Ref. [11] where it was
demonstrated that samples showing extrinsic optical chi-
rality can behave as a metamaterial with a negative index
of refraction. In this framework characterization of surface

chirality of every type (3D, 2D, or extrinsic) by SHG
assumes a large interest due to the higher sensitivity with
respect to linear optical measurements [14].
Here we use SHG experiments (800–400 nm wavelength

conversion) as a powerful tool for evaluating the correla-

tion between the morphology of curved gold nanowire

(NW) arrays with subwavelength periodicity (160 nm)

and the nonlinear optical activity. The results show a strong

extrinsic optical circular dichroism of the SH generated

field that depends on the curvature of the wires and their

reciprocal orientation with respect to the direction of the

impinging light.
Such nanowires were obtained on a glass substrate by a

high throughput parallel self-assembling procedure de-
scribed elsewhere [15] in which ion beam sputtering
(IBS) and kinetically controlled deposition [4,16] are com-
bined together. In Fig. 1(a) we show an atomic force
microscopy (AFM) topography of an IBS patterned soda
lime glass which has been successively employed as a
template for the lateral confinement of ordered gold nano-
wires. The glass substrate was exposed to Arþ ion irradia-
tion at the energy of 800 eV and at the angle of 35�
measured with respect to the normal (the black arrow
represents the projection of the ion beam). After 3 h of
exposure, the glass surface developed a regular pattern
made up of periodic corrugations whose wave vector is
mainly oriented parallel to the ion beam projection; the
periodicity was estimated to be around 160 nm by means of
the 2D self-correlation function shown in the inset. The
AFM pattern evidences that the formed glass ripples tend
to form periodic undulations with the concavity facing the
ion beam projection. A preliminary analysis reveals that
the in-plane radius of curvature R of the undulations is
mainly distributed around 400 nm.
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Concerning the origin of the curved tracts of the ripples,
to our knowledge an accurate investigation on the origin of
ripple curvature on glass has so far never been made. In the
case of Si, both experimental and theoretical simulations
evidence the formation of a characteristic curvature when
the ripples get pinned by regions where the density of local
defects is higher [17].

The slope distribution of the patterned glass surface is
reported in Fig. 1(b): a quasisymmetrical distribution is
clearly peaked around� ¼ �15�, a value that corresponds
to the main slope of the ripple sides. In a second stage, Au
was thermally evaporated under a grazing incidence con-
dition (75� with respect to the normal) and orthogonally to
the ripple structures [the black arrow in Fig. 1(a) also
indicates the Au flux direction] in order to localize metal
agglomeration in correspondence to the illuminated ripple
sides [16]. Under these conditions, the rippled glass sub-
strate, due to shadowing effects, modulates the spatial

distribution of the Au flux, inducing the nucleation of
metal clusters selectively on the illuminated ridges, where
the flux is higher, while the facets on the opposite ripple
side remain unexposed to Au. Increasing Au coverage,
agglomeration and coarsening of the clusters proceed until
a 1D connected polycrystalline Au NW is formed on top of
the supporting illuminated ridges. In Fig. 1(c) the AFM
image of the produced sample (sample A) shows the pres-
ence of a disconnected array of polycrystalline NWs which
grow in registry with the glass pattern. More details con-
cerning the growth procedure employed to form this kind
of nanowires are provided in Ref. [16], while in Fig. 2(d) of
Ref. [4] the optical transmission spectra of sample A is
shown. From these experiments we infer that the support-
ing base of the Au nanowires (corresponding to the ripple
illuminated facet) has a width of about 80 nm, while the
height of the Au wire measured in the direction orthogonal
to the Au facet amounts to about 70 nm.
The use of similar supporting templates prepared by IBS

for confining the growth of metal clusters was also dis-
cussed in some recent experiments [18–22] which explore
a small thickness regime in the range of a few nm, near the
percolation threshold. Alternatively, a reference sample
which presents a disconnected array of straight wires has
been prepared recurring to direct ion beam irradiation of a
polycrystalline Au film supported on a flat glass template
[sample B in Fig. 1(d)]. The growth and morphology of this
sample have been described in detail in Refs. [23,24] while
the optical transmission spectra of sample B have been
shown in Fig. 3(c) of Ref. [4].
For both samples A and B the nanowires are laterally

disconnected in the direction orthogonal to the ridges (see
the morphological analysis presented in Refs. [16,25]);
conversely, in the parallel direction they form chains of
interconnected grains which can reach the length of several
micrometers. The strong dichroism in the optical trans-
mission spectra confirms the morphological anisotropy of
the nanowires. In particular, for light polarized in the
transverse direction, the excitation of localized plasmon
resonances induces a clear extinction maximum, while for
light polarized in the longitudinal direction no localized
plasmon extinction can be found, and the spectra resemble
those of a continuous connected film.
Optical linear and nonlinear transmission measurements

were performed both on the test sample (sample A) and on
the reference sample (sample B) with the same input laser
and similar setups. The size of both samples is 1� 1 cm2.
The input light source is a pulsed Ti:sapphire laser with
either right-handed or left-handed circular polarized light
(the choice depends on the orientation of a �=4 plate). The
light (with 150 fs of pulse duration, wavelength of 800 nm,
repetition rate of 1 kHz, pulse intensity of 2:4 GW=cm2)
impinges on the sample with a spot diameter of 3 mm at
different incidence angles �. The out-coming light is
then filtered by an analyzer that can be set for either

FIG. 1 (color online). (a) AFM morphology of the patterned
soda lime glass substrate before Au deposition; the black arrows
indicates the ion beam projection. Vertical range of AFM topog-
raphy: 79 nm. Inset: Autocorrelation of the topographic image,
(b) slope distribution of the patterned glass surface of (a) obtained
from the first space derivative dh=dx ¼ hx, (c) AFMmorphology
of sampleA (test sample) obtained by glancing angle deposition of
Au on the templated glass substrate of (a). Vertical range of AFM
topography: 53 nm.Upper inset: Schematic of sampleA (the small
triangle in one corner of the sample is a reference mark that shows
the sample orientationwith respect to thefixed external reference).
Lower inset: Autocorrelation of the topographic image. (d) AFM
morphology of sample B (reference sample, straight nanowires)
prepared by direct ion irradiation; vertical range of AFM topog-
raphy: 83 nm. Upper inset: Schematic of sample B (the small
triangle in one corner of the sample is a reference mark that shows
the sample orientationwith respect to thefixed external reference).
Lower inset: Autocorrelation of the topographic image.
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p- or s-polarization transmission and then is sent either on
a photodiode (in the case of linear measurements) or to a
filtered (< 450 nm wavelength) photomultiplier (in the
case of nonlinear measurements). The results of the
measurements are expressed in a dimensionless form
[1,26,27]: linear optical circular dichroism (CD) is the
difference between the transmitted intensity (at the s- or
p-polarization state) of the left-handed circular polarized
light and the right-handed one divided by the average total
intensity:

CD ¼ I!L � I!R
ðI!L þ I!R Þ=2

; (1)

meanwhile, the nonlinear optical circular dichroism
(SHGCD) is the difference between the generated SH
field intensity (at the s- or p-polarization state) obtained
from the left-handed circular polarized light and the
right-handed one divided by the average total generated
intensity:

SHGCD ¼ I2!L � I2!R
ðI2!L þ I2!R Þ=2 : (2)

In Fig. 2 the results of the linear optical measurements
(p-polarized output light) are shown: neither the reference
sample with straight wires nor the test sample with curved

wires exhibit any circular dichroism in the limit of the
setup sensitivity. In both cases the measurements were
repeated with samples rotated of 180� around the normal
to the surface direction as shown in the figure. In Fig. 3
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FIG. 2 (color online). Optical linear measurements. (a) Optical
circular dichroism (CD) of sample B as a function of the
incidence angle (�) for an orientation of the sample (blue
circles) with horizontal wires, and with the sample turned upside
down by a 180� rotation (red squares). (b) CD of sample A for an
orientation of the sample (blue circles) with the center of
curvature pointing down, and with the sample turned upside
down by a 180� rotation (red squares), so the center of curvature
is pointing up. On the left-hand side: Schematics of the samples
with the corresponding marks in the measurements (blue circle
or red square).

FIG. 3 (color online). Nonlinear optical measurements. First
column: Schematics of the samples with the corresponding
marks in the measurements (blue circle or red square). Second
column: Schematics of the orientation of sample A for negative
incidences angle are shown together with the direction of k̂ (solid
blue arrow), n̂ (dotted black arrow), R̂ (dashed red arrow), and
the preferential direction of the induced current density J (curved
black arrow). In the third column are reported the nonlinear
optical measurements: (a) SHGCD of sample B for an orientation
of the sample (blue circles) with horizontal wires, and with the
sample turned upside down by a 180� rotation (red squares);
(b) SHGCD of sample A for an orientation of the sample (blue
circles) with the center of curvature pointing down, and with the
sample turned upside down by a 180� rotation (red squares), so
with the center of curvature pointing up. The two lines are the
fitting curves as defined by formula (6); (c) SHGCD of sample A
for an orientation of the sample (blue circles) with the center of
curvature pointing left, and with the sample turned upside down
by a 180� rotation (red squares), so with the center of curvature
pointing right. In the fourth column the schematics of the
orientation of sample A for positive incidence angles are shown
together with the direction of k̂ (solid blue arrow), n̂ (dotted
black arrow), R̂ (dashed red arrow) and the preferential direction
of the induced current density J (curved black arrow).
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the results for the nonlinear optical measurements
(p-polarized output light) are reported: nonlinear circular
dichroism is not observed from the reference sample
[Fig. 3(a)]; meanwhile, the test samples exhibit an extra-
ordinarily large SHGCD with 54% of visibility (VIS)
[Fig. 3(b)], where the visibility is considered to be

VIS ¼ maxmeas �minmeas

maxtheor �mintheor
¼ maxmeas �minmeas

4
: (3)

In the case of the radius of curvature of the NWs facing
down [blue circles in Fig. 3(b)], for negative incidence
angles the extrinsic chirality leads to a larger SH conver-
sion with left-handed circular polarized pump field, while
for positive angles the sign of extrinsic chirality changes
and the nonlinear response is stronger when a right-handed
polarized pump field is considered. Rotating sample A by
180� with respect the normal to the surface results in a sign
inversion of the extrinsic chirality (due to the change of
sign of the curvature of the wires) and, as expected, the
measurements show an inverted trend with respect to the
previous case [see red squares in Fig. 3(b)]. This phenome-
non of the inversion of the measurements trend by a
rotation of 180� around n̂ guarantees that the chiral effect
we are observing is really due to the curvature of the wires

(R̂ changes the sign by a 180� rotation) rather than the
mere effect of the chirality of the experimental setup. As a
further test for the geometry induced chirality, the same
measurements where repeated with the curved wires
mainly aligned along the sample rotation axis. In this
case the curvature of the wires lies on the incidence plane
(the plane defined by the normal at sample surface and
the direction of light) and no chiral effect is present
[Fig. 3(c)]. The nonlinear optical measurements obtained
for s-polarized output light are similar to the case of
p-polarized light, but we report a lower visibility (17%)
due to a lower signal to noise ratio. Indeed, in the mea-
surements showing chirality (where the wires are mainly
oriented along the horizontal direction), the p polarization
corresponds to the long direction of the wires while the s
polarization corresponds to the short direction. Thus the
nonlinear polarization vector has a larger component along
the direction of the wires leading to a higher p-polarized
SHG signal.

The measurements highlight (as expected from the the-
ory [11]) that extrinsic optical chirality arises when the

wave vector direction k̂, the normal to the sample surface

n̂, and the direction of the curvature R̂ do not lie on the same
plane (i.e., they form a nonplanar triad). The handedness of
the chirality can be related to the sign of the ‘‘extrinsic
optical chirality’’ (EXCH) expression:

EXCH ¼ 1

R
R̂ � k̂� n̂: (4)

The positive (negative) sign indicates a right-handed (left-
handed) triad, zero stands for a nonchiral triad. The choice

to make explicit in formula (4) the dependence on the
curvature 1=R (where R is the radius of curvature of the

wires and the R̂ is the average direction of the radii of
curvature) was made in order to cancel the product in the
case of straight wires; in this case the surface of the sample
lacks any polar orientation as confirmed by the measure-
ments in Fig. 3(a). It is worth noting that the product (4) can
also vanishwhen the light impinges on the sample at normal
incidence [see the measurements in Fig. 3(b) when � ¼ 0]
or when the sample is oriented with the curvature direction
lying in the plane of incidence [see the measurements in
Fig. 3(c) for every �].
From the nonlinear optical point of view the SH signal is

generated from the wires mainly by the magnetic dipole
term or Lorentz term [4,28,29]

~P2! ¼ e

m!

�
i

2i!� �2!

�
~J! � ~B!; (5)

where e is the modulus of the electron charge, m is the
electron effective mass, and � is a damping coefficient
taking into account Ohmic losses. When the light impinges
on a tilted sample with the radius of curvature pointing
down and with negative angles, the curved wire can be seen
as an element of a conductive left-handed helical coil
providing a preferential path for the induced electronic
current density J. Thus, the SH signal shows a larger
generation when it is excited by a left-handed circularly
polarized light. On the other hand, if the tilting incidence
angle is of the opposite sign [i.e., the vectorial product

k̂� n̂ in formula (3) changes the sign], the right-handed
circularly polarized pump produces a larger SH signal
[blue circles in Fig. 3(b)].
The situation is reversed when the sample is rotated by

180� [i.e., the radius of curvature direction changes the
sign], changing the sign in expression (4) leading to an
inverted behavior in the measurements [red squares in
Fig. 3(b)].
Finally, our analysis leads to the conclusion that higher

SHG efficiency is achieved when there is concordance
between the sign of the geometrical extrinsic chiral
EXCH term in formula (4) and the sign used to identify
angular momentum or ‘‘spin’’ of the circularly polarized
light [þ 1 (�1) for right-handed (left-handed)
polarization].
The overall SHGCD signal can be fitted by a phenome-

nological expression:

SHGCD ¼ const
1

R
R̂ � ðk̂� n̂ÞP

2
!

A
cosð�Þ

¼ const
1

R
R̂ � ðk̂� n̂ÞP

2
!

A
ðk̂ � n̂Þ; (6)

where P! is the input power at the fundamental angular
frequency !, A is the spot size area, and const is a suitable

fitting constant. The P2
!

A cosð�Þ ¼ P2
!

A ðk̂ � n̂Þ term accounts
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for the enlargement of the spot size when the light im-
pinges out of the normal incidence (� � 0).

In Fig. 3(b) the measurements are reported together with
the fitting curves.

In conclusion, we present the evidence of huge extrinsic
optical activity in curved gold nanowires. It is remarkable
that, due to the beam or structure geometry, the achiral
structure of curved nanowires is made to behave efficiently
like a chiral medium in the second-harmonic field. More
than 50% of visibility was obtained by exploiting the
extrinsic optical chirality in the second-harmonic regime,
an extraordinary results if compared with the vanishing
contrast obtained in the linear optical regime at the same
conditions. The strong visibility of the chiral signal to-
gether with the low-cost self-assembling procedure are
promising issues for developing novel nanoscale electro-
magnetic devices for active polarization controllers such as
rotators and modulators and possible metamaterials.
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