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Local polarization properties of a gold subwavelength grating with plasmon-induced linear dichroism are
studied by scanning near-field optical dynamic polarimetry. Periodic modulation of linear dichroism with the
period corresponding to the period of the grating and the contrast of 0.3 is found at the distance of A/20 from

the sample.
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The development of nanophotonics as a prospec-
tive area of contemporary optics is defined by the
growing demand in new solutions in the areas of stor-
age and communication of optical data. One of the
disciplines within nanophotonics is nanoplasmonics
which is based on various types of plasmon-polaritons
comprising coupled oscillations of electromagnetic
field and free electrons at the conductor-dielectric
interface. Achievements in this field include superfo-
cusing of optical radiation [1], energy transport by
plasmonic waveguides and waveguide-based compo-
nents [2], as well as plasmonic logic elements [3].

Scanning near-field optical microscopy (SNOM)
[4] is the method allowing one to study optical proper-
ties of plasmon-active media with the direct observa-
tion of the local plasmonic field intensity with spatial
resolution below the diffraction limit. Ultrafast [5],
nonlinear [6] and polarization [7—10] properties of
plasmonic nanoobjects have been studied by means of
SNOM. In this paper, SNOM is used for the studies of
local polarization properties of a subwavelength
metallic nanograting under the local plasmon reso-
nance condition. Ordered arrays of gold nanowires
(nanogratings) are of interest because of their remark-
able polarization properties [11—13].

Nanograting samples were fabricated by electron
beam lithography with the lift-off technique on a fused
silica substrate with the size of the nanostructured area
of 30 x 30 um?. The dimensions of its elements were
obtained by atomic force microscopy (AFM) and
scanning electronic microscopy. The average width of
the nanowires was 80 £ 5 nm, the height is 40 £ 5 nm
and the period of the grating is 300 = 10 nm. Such
structure parameters forbid the light diffraction of the
illumination used in the experiment and allow the
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effective excitation of local plasmon-polaritons in an
individual wire [11]. The sample series was fabricated
with the use of a single template file with a different
dose of the electron beam exposure within which the
deviation of the sample dimensions is less than 10%.
For the SNOM experiments the sample with the high-
est Q-factor of the plasmon-induced extinction reso-
nance was chosen. An AFM-image of the sample sur-
face is shown in the inset of Fig. 1. The elements of the
array are shown to be well-ordered and reproducible.

Far-field transmission spectroscopy, 7(A), was per-
formed using a microspectropolarimetry setup allow-
ing one to obtain spectra from small-sized samples
[12]. Transmittance spectra were measured for orien-
tations of the incident light polarization parallel and
perpendicular to the nanowires. Figure 1 shows the
transmittance spectra of a sample with the highest Q-
factor of the extinction resonance which manifests
itself as a dip in the spectrum. The extinction takes
place due to resonant amplification of the electromag-
netic field density near the wires illuminated with the
light polarized perpendicular to the wires. The reso-
nance quality factor is equal to Q = 8.3. Polarizability
p(w) of the subwavelength particle is proportional to
the local field factor [14]:
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p(®) (1)

where g(m) is dielectric permittivity of the particle, g,
is dielectric permittivity of the surrounding material
and L is a coefficient defined by the dimensions of the
particle. At the frequency which zeroes the denomina-
tor of Eq. (1) an extinction resonance of local plas-
mon-polaritons occurs due to the increase of the mean
electron kinetic energy and its absorption due to elec-
tron-lattice interaction. In the nanowires under study
L = 0.21 and the denominator tends to zero at A =
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Fig. 1. Transmission spectra of light polarized (gray curve)
along and (black curve) perpendicular to the golden
nanowires. The dashed line denotes the central wavelength
of the laser used in the SNOM experiments. The inset
shows the AFM image of the edge of the sample. The scale
bar corresponds to 500 nm.

580 nm which coincides with the experimentally
obtained absorption maximum. There are no remark-
able peculiarities in the transmission spectrum of the
light polarized parallel to the nanowires. The effect of
polarizing light with local plasmons differs signifi-
cantly from the polarization effect in the wire-grid
polarizers which polarize the transmitted radiation
perpendicularly to the wires [15].

Transmittance of the linearly polarized light
depends on the incident light polarization plane orien-
tation due to linear dichroism effect. Polarization
states of the light polarized along or perpendicular to
the nanowires are the eigenstates of the structure
under study due to symmetry considerations. The lin-
ear dichroism value in the far-field is defined as a nor-
malized difference in transmittance measured for
polarization eigenstates. The dichroism value reaches
0.6 at the central wavelength of the plasmonic reso-
nance.

Near-field polarization properties of plasmonic
nanogratings were investigated by means of scanning
near-field dynamic polarimetry setup built on the
basis of a scanning probe microscope Solver PRO-M
(NT-MDT, Russia) and a photoelastic modulator
PEM-100 FS-47/11 (Hinds Instruments, USA). The
setup is shown schematically in Fig. 2. Horizontally
polarized light from a frequency-doubled CW
Nd:YAG laser with A = 532 nm and power of 10 mW
passes through a half-wave plate with its axis oriented
at 22.5° with respect to the optical table. Diagonally
No. 12
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Fig. 2. Schematic of the setup for the plasmonic nanograt-
ings near-field optical microscopy: A/2 are half-wave
plates, PEM is a photoelastic modulator, XYZ is a three-
axes piezo-scanner, PA is a tuning fork signal preamplifier,
PMT is a photomultiplier tube, LPF is a low-pass filter,
and LA is a lock-in amplifier.

polarized light passes through the PEM that tempo-
rally modulates the phase shift between vertically and
horizontally polarized components. The phase shift
undergoes harmonic oscillations ¢(r) = Asin(2nf?),
where A is the phase shift oscillations amplitude and f
is the PEM operating frequency which is equal to
47 kHz. If A= &, the polarization state output from the
PEM changes from diagonal to antidiagonal with the
2f frequency.

A half-wave plate placed behind the PEM is used
for transformation of the polarization modulation
from diagonal/antidiagonal to horizontal/vertical.
Mirrors are used to deliver the light onto the sample
through the substrate. Optical signal is then collected
by an aperture SNOM fiber probe MF002 (NT-MDT,
Russia) with the aperture diameter of 50—100 nm. The
distance between the probe and the surface is kept
constant by a feedback system based on a tuning fork
with the preamplifier described in [16]. The distance
between the probe and the sample is about A/20 and
controlled by a three-axis piezo-scanner. The col-
lected signal is sent to a photomultiplier tube (PMT)
and then divided into two channels. The first channel
is connected to a lock-in amplifier which detects the
signal modulation amplitude U, at the 2f frequency
which is caused by the linear dichroism. The second
channel is a low pass filter with the cutoff frequency of
600 Hz. Both signals are then sent to the ADC of the
Solver PRO-M controller. Consequently both signals,
U,;, which is a measure of the linear dichroism, and
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Fig. 3. (a) Spatial distribution of the linear dichroism D, ¢
in the vicinity of the nanograting sample. (b) The cross-
section taken along the white line in Fig. 3a. The gray rect-
angles denote the nanowires position with respect to the
linear dichroism map. (c) Superimposed fragments of
(right) optical signal and (left) topography images of the
same sample area obtained in the two-pass regime. The
scale bar corresponds to 500 nm.

Upc, which is proportional to transmittance are simul-
taneously measured.

The description of the detected signals is per-
formed within the Jones matrix formalism [17]. Polar-
ization of the light incident on the sample is described
by a combination of 2 x 2 matrices and a polarization
vector of the laser radiation:

=2 0)
(2708 -

Here from right to left: the vector for the horizontally
polarized light, the first half-wave plate matrix, the
PEM matrix, the second half-wave plate matrix. All

matrices and vectors are written in the basis of hori-
zontally and vertically polarized waves. Matrices and
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vectors are written with the normalizing coefficients
omitted since they do not affect the observed values.
The polarization state of light coming to the detector
can be written as follows:

Pout = MsamPin = [ aeiw 0]

0 b
(3)
y 1+ ei¢(t) aei(P(l + ei‘b(’))
1- ei¢(f) b(l _ ei¢(f))

where M, is the Jones matrix of the plasmonic nan-
ograting with the nanowires oriented along the hori-
zontally polarized light, a and b are the electromag-
netic waves amplitudes measured in the near-field
regime for horizontal and vertical incident light polar-
izations, @ is the sample-induced phase delay between
the polarization eigenstates. The intensity of the
detected signal within the constant multiplier accu-
racy is equal to

I=a+b+(a -b")cos[Asin(2nf1)]. (4)

The right-hand side of the Eq. (4) after the Fourier
series decomposition and neglecting the 27 harmon-
ics higher than the second one is written as follows:

I=d +b +(a’ - b")Jy(A)
+2J,(A)(a’ = b*)cos(4nft),

where J(4) and J,(A) are the Bessel functions of the
zeroth and second orders, respectively. The phase
delay amplitude for PEM was set to 4 = 2.405 to
achieve Jy(A4) = 0. The signal measured with the lock-
in amplifier at the 2f frequency is equal to U, =
2J,(A)(a?> — b?). The signal measured by the ADC after
the low-pass filter is Upc = a®> + b>. Thus the linear
dichroism value is expressed in terms of the measured
quantities as follows:

a-b _ Uy,
@+ 25,(A)Upc

A point-by-point evaluation of the map of linear
dichroism is performed using Eq. (6) and the maps of
U,y and Upc. The calibration of the U,/ Up ratio is
performed by measuring these values with a polarizer
with D ~ 1 in front of the sample [18]. Then ratio
U,s/ Upc obtained for the nanowire sample is divided
by the value acquired during the calibration.

Figure 3a shows the distribution of D, in the vicin-
ity of the sample. A periodic array of the well-resolved
wires is revealed. The contrast defined as (D . —
Dy in)/ Dyt max + D min) 1s about 0.3. In addition,
peculiarities related to the defects on the sample sur-
face are observed. Figure 3b shows a cross-section of

(&)

Dy = (6)
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Fig. 4. Scanning near-field optical microscopy images of (a) the nanograting sample obtained without intensity modulation and
(b, ¢) the sample illuminated with intensity-modulated linearly polarized light. The arrows depict the incident light polarization

orientation.

the D,{(x, y) map. D, varies from 0.40 + 0.05t0 0.75 &
0.05, the mean value is D, = 0.55 £ 0.05 which is sub-
stantially different from the far-field value DA =
532 nm) = 0.2. This phenomena can be related both to
the sensitivity of the near-field probe to the light polar-
ization and to the linear dichroism increase in the
near-field in plasmon-active media. Figure 3c shows
the results of the simultaneous measurements of opti-
cal and topography signals demonstrating mutual
arrangement of the topography peculiarities and the
local-field intensity distribution. The local light inten-
sity between the nanowires appears to be higher than
beneath them.

The high contrast is achieved in the D, «(x, y) distri-
bution by using the polarization modulation. Figure 4
shows optical images obtained with three different
experiment configurations without the polarization
modulation for the sample area shown in Fig. 3a. Fig-
ure 4a image was obtained with the angle between
polarization plane and the nanowires equal to 45°.
Figures 4b and 4c show the distribution of the optical
signal when intensity modulation was applied to the
light linearly polarized along and perpendicular to the
nanowires, respectively. It is shown that the speckle
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peculiarities make the main contribution to the elec-
tromagnetic field distribution in Fig. 4 while in Fig. 3a
they are considerably fainter. Periodic modulation
contrast in Fig. 4b and 4c is 10~2 and 5 x 1073, respec-
tively, while the speckle contrast is 0.09 and 0.17,
respectively. The grating-induced contrast is twice
smaller under plasmon-polaritons excitation condi-
tions than in the case the polarization is oriented along
the nanowires. This result can be explained by the
increase of the effective cross-section of individual
nanowire due to the local field enhancement under the
resonance of local plasmon-polaritons.

The description of the polarization of electromag-
netic radiation by Jones method uses the assumption
that the waves are transverse and can be fully described
by three parameters, namely amplitudes and relative
phase of the waves of orthogonal linear polarizations.
However, optical near-fields support non-radiating
solutions which are not transverse and for this reason
the polarization cannot be defined by three indepen-
dent parameters. Nevertheless, the linear dichroism
formalism can be translated into the optical near-field
and formulated as the difference between intensities of
SNOM-measured orthogonally polarized field com-
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ponents which are localized in the optical near-field of
the sample and parallel to the incident orthogonal lin-
early polarized waves.

To conclude, the effect of linear dichroism is found
in the optical near-field of plasmon-active subwave-
length nanostructures under the conditions of local
plasmon-polariton excitation. The spatial distribution
of the linear dichroism value measured with the scan-
ning near-field optical microscopy and dynamic pola-
rimetry methods reveals the contrast of 0.3 at the dis-
tance of A/20 from the sample surface.
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