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Azimuthal anisotropy of Stokes parameters of the second harmonic generation (SHG) generated and observed
in reflection from a periodic planar area of G-shaped gold nanostructures is studied. A strong anisotropy of both
coherent and incoherent SHG components is observed. Finite-difference time-domain calculations prove that
the observed effects are due to the anisotropic enhancement of the fundamental radiation within the G-shaped

structures.
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Optical metamaterials are artificial nanostructured sys-
tems that exhibit certain optical properties not present
in the native materials [1,2]. It has been demonstrated
that a number of new effects with possible application
in nanophotonic devices such as anomalous transmission
[3] and negative refraction [4] can be observed in planar
metamaterials. Several two-dimensional periodic tem-
plates have been examined: fishnet [5], 7- and L-shaped
[6,7], gammadions [8], bow-tie structures [9], etc. It has
been proven that the geometrical shape of a particular
structure determines a specific distribution of the local
optical field in it, as well as the conditions for the plas-
mon excitation. Additional functional properties can
arise in chiral metamaterials, where effects so far only
observed in three-dimensional media, such as polariza-
tion plane rotation [8§,10] and asymmetric propagation
of electromagnetic waves [11], can be revealed.
Nonlinear optical studies of metamaterials performed
over the last few years have been mostly concentrated on
second harmonic generation (SHG). The SHG technique
is known to be extremely sensitive to the local optical
field distributions as well as to the symmetry of nano-
objects [12,13]. It is precisely the latter property that
has made SHG a promising technique for revealing novel
phenomena in the field of optical response of metamater-
ials [14]. For instance, asymmetric SHG was observed in
chiral macroscopically symmetric G-shaped structures
[15,16]. Pronounced SHG azimuthal anisotropic depen-
dencies were observed for structures of different chiral-
ity, i.e., composed of G and mirror-G enantiomers. In
other words, it was proven that the chirality of a single
nanostructure determines the symmetry of the SHG ani-
sotropy. The observed effects were attributed to different
structural conditions for the local surface plasmon exci-
tation in mirror enantiomers and to the lighting rod
effect. Up to now, however, a detailed investigation of the
coherence of the nonlinear optical response of planar
metamaterials is still lacking. In this Letter the anisotropy
of the Stokes parameters of the SHG generated and
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observed in reflection from planar G-shaped metamater-
ials is presented. The studies are performed for linearly
polarized fundamental radiation. Stokes parameters at
the SHG frequency are deconvoluted from the anisotropy
and polarization measurements of the SHG response.
The discussion of the experimental results is supported
by calculations of the optical field distribution in the
G-shaped structures.

The sample consists of a periodic array of G-shaped
nanostructures made of a 25 nm thick Au film deposited
onto a Si(100) substrate with a 200 nm thick SiO, layer.
The line width and the separation between the neighbor-
ing G structures is 200nm; the diagram of a single G
element, along with the sizes and the experimental geo-
metry, is shown in the inset of Fig. 1. The sample fabrica-
tion procedure is described in more detail in [16,17].

For the SHG experiments we used the output of a
Ti:sapphire laser at 780 nm with a repetition frequency
of 80 MHz. The pulse duration was 80fs, and the mean
power was 150mW. The pump radiation was focused
on the sample into a spot of 50 yum in diameter at an
angle of incidence of 45°. Reflected SHG radiation was
spectrally selected by BG39 Schott color filters, passed
through a diaphragm with an aperture of 10°, and de-
tected by a photomultiplier. The pump beam polarization
was controlled by a 1/2 plate, and the SHG polarization
was detected by a Babinet—Soleil compensator and a
polarizer.

Figure 1 shows the dependence of the SHG intensity,
I5,, on the azimuthal angle of the sample, y, measured
for different combinations of polarizations of the funda-
mental and SHG waves. All the I, (w) dependencies
reveal four maxima, and those measured for p- and
s-polarized pump radiation are shifted in phase by z/4
with respect to each other. This fact proves that the ob-
served SHG anisotropy is determined by the polarization
of the fundamental beam. It should be noted that non-
zero I, values observed in the azimuthal minima of the
s-polarized SHG indicate the existence of an isotropic
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Fig. 1. (Color online) (a), (b) SHG anisotropy for p-p, p-s, s-p,
and s-s combinations of polarizations of the fundamental and
SHG waves denoted by the first and second letters, respec-
tively; p denotes polarization parallel to the plane of incidence,
and s, perpendicular to it. Inset: a schematic view of the struc-
ture and the plane of incidence for y = 0°; the indicated dimen-
sions are in micrometers. The orientation of the G-elements at
w = 0°, 90° 180°, 270°, and 360° are shown below the experi-
mental data; the plane of incidence corresponds to y = 0.
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s-polarized SHG, that is forbidden for periodic structures
and should be attributed to an incoherent, i.e., dephased
and diffusely scattered, SHG [18]. The inset in Fig. 2(a)
shows the SHG scattering indicatrix, i.e., the I, depen-
dence on the polar angle of scattering, I5,(6), measured
for the azimuthal angle w = 0. A pronounced specular
SHG peak is observed at 8 = 90° that corresponds to the
generation of a coherent (polarized and specular) light
[18]. At the same time, a nonzero diffuse SHG detected
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Fig. 2. Azimuthal dependencies of coherent (filled circles)
and incoherent (open circles) SHG under excitation by (a)
p-polarized and (b) s-polarized fundamental beams. Inset: the
SHG indicatrix measured for y = 0° and p-w, p-2w combination
of polarizations.

in a wide scattering range indicates the presence of an
incoherent SHG.

For a full characterization of the polarization of the
reflected SHG, we measured the azimuthal dependencies
of the p, s, +45°, and -45° linearly polarized SHG, to-
gether with the left- and right-hand circularly polarized
SHG components. In all cases, the fundamental beam
was linearly polarized. These measurements allowed us
to estimate the anisotropic dependencies of the Stokes
parameters, Sy, S;, S, and S3, where S, corresponds to
the total SHG intensity, S; =I5 - I3, , Sy = I35 - I,
S5 = I;ﬁm —I¥" and the superscripts denote the SHG
polarization [19]. Azimuthal dependencies of both polar-
ized, i.e., coherent, I' ‘272}‘ and depolarized, i.e., incoherent,

Iincoh SHG components are shown in Fig. 2. These com-

ponents were calculated as I$°" =, /S% + 5% + S2 and

Iincoh — G _ JSoh ' correspondingly. It can be seen that

20 2w
ISoh and Ioh are comparable and reveal a very similar
type of azimuthal dependence. The obtained results show
that the anisotropy of the SHG response from G-shaped
nanostructures is due to the anisotropy of the local field
distribution. Both I$°" and 15" are amplified for a cer-
tain orientation of the sample with respect to the polar-
ization plane of the pump beam. This amplification is
most likely due to the field enhancement achieved for
certain azimuthal positions of the sample. This assump-
tion will be confirmed below by numerical calculations.

In order to reveal the role of the local field in
the SHG anisotropy, the field distribution in G-shaped
nanostructures was calculated for the fundamental and
SHG wavelengths. The commercial software package
FDTD Solutions (Lumerical Solutions, Inc., Canada)
was used. For the simulations, the structural parameters
of the G-elements and the geometry of interaction
were identical to those in the experiment; boundary
conditions were periodic, and the substrate was not
taken into account. Further simulations have affirmed
that the presence of the substrate does not influence
the field distribution. The pump and SHG fields were cal-
culated, as both of them determine the SHG intensity:
Lo, & ((#'¥ Ly, (w)L2 (w))?)I2, where L, and Ly, are local
field factors at the corresponding wavelengths, I, is the
pump intensity, and the brackets denote the statistical
averaging over the laser spot area.

Figure 3 shows the distribution of L, and L, within
the G-shaped elements. Two azimuthal orientations of
the p-polarized field were considered, y = 0° and 45°.
It can be seen that L, is strongly inhomogeneous and the
field localization in the structure is changed significantly
for different y angles. The distribution of L,, within the
structure is less pronounced; this may be due to a high
absorption of gold G-shaped nanostructures at the SHG
wavelength of 400 nm, which corresponds to previously
obtained results [15]. It should be noted that the scale in
the bottom panels is much smaller as compared with the
upper ones. Taking into consideration a strong difference
in the degree of localization of the fundamental and SHG
fields, together with the fourth power dependence of I,
on L, we conclude that the SHG anisotropy is due to the
azimuthal enhancement of L, (). To support this conclu-
sion, an estimation of the I, changes for the azimuthal
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Fig. 3. (Color online) Local field distribution of the p-polarized
fundamental (top panels) and SHG (bottom panels) radiation
for the azimuthal positions of the samples y = 0° (left panels)
and y = 45° (right panels).

orientations of the sample y = 180° and 290° was made.
These y values correspond to the minimum and maxi-
mum of the coherent p-polarized SHG [see Fig. 2(a)].
The experiment gives the ratio of the total SHG intensity

?wgggig = 4.5, which is in agreement with the numeri-
20

cally calculated ratio for the averaged local field factors,
(<<<1€:(<1289(§)°)>)>)4 ~5 [Fig. 1(a)].

In conclusion, azimuthal anisotropy of the Stokes
parameters of the SHG reflected from a periodic planar
array of G-shaped nanostructures was studied. Anisotro-
pic enhancement of both coherent and incoherent SHG
components was observed. Numerical calculations of the
spatial local field factor distribution at the fundamental
and SHG wavelengths have shown that the anisotropy of
the averaged field factor of the pump radiation is respon-
sible for the observed effects.
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