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Near-field spectroscopic properties of
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Abstract: We examine the far-field and near-field properties of complementary screens made
of nanostructured gold thin films, a rectangular nanowire and a nanovoid, using an aperture-
type scanning near-field optical microscope and electromagnetic field calculations, and
discuss the applicability of Babinet’s principle in the optical region. The far-field
transmission spectra of the complementary screens are considerably different from each other.
On the other hand, genuine near-field extinction spectra exhibit nearly complementary
characteristics. The spatial features of the observed near-field images for the complementary
screens show little correlation. We have found from the Fourier analysis of the simulated
images that high spatial-frequency components of the electromagnetic fields show mutual
spatial correlation. These results suggest that Babinet’s principle is applicable to the high
spatial-frequency components of electromagnetic fields for the complementary screens.
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1. Introduction

Recent advances in fabrication technique allow to design nanostructures of various substances
with a nanometer scale [1]. Optical and electrical properties of the nanomaterials have been
extensively studied because of their fundamental importance and potential applications in
applied optics [2]. For example, metal nanostructures have been utilized for developing
nanoscale optical devices such as a nanosclae laser [3], ultrafast switches [4], logic circuits
[5], and so on. A deep understanding of the optical properties of nanomaterials is a
prerequisite for the development of novel optical materials. One of the typical examples is the
development of metamaterials. Based on the striking characteristics of negative refractive
indices, the applications of metamaterials to unique optical devices such as super lenses are
discussed [6—15]. They are usually composed of periodic arrays of subwavelength structures,
called building units. The optical properties of metamaterials depend on the geometrical
structures and dielectric properties of the building units. In the design of the building units,
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Babinet’s principle, which discusses the optical properties of a pair of geometrically
complementary screens made of conducting materials [16—18], is sometimes utilized as a
guiding principle. Suppose that the electric and magnetic fields incident on an opaque

conducting screen are Eq and By, respectively, and those on its complementary screen are E;

and, cBj respectively. Babinet’s principle states that, when two screens are illuminated with
complementary waves expressed by

E;, =—cB, and cB; =E, 1

the diffracted electric and magnetic fields from the screen (E, B) and those from the
complementary screen (E€, BS) satisfy the relation

cB°+E =B, 2)
E°'~cB=E 3)

where c is the speed of light. Equations (2) and (3) indicate that the spatial distribution of the
electric field diffracted by the screen, E, should be identical to that of the magnetic field
diffracted by the complementary counterpart, BS, and vice versa. Babinet’s principle also
states that the transmittance of the screen (7) is connected with that of the complementary
counterpart (7°) by the following equation:

T+7T° =1 4

Equation (4) indicates that transmittance of the screen shows an inverted spectral response
compared with that of the complementary counterpart, i.e., positive peaks in a transmission
spectrum of the screen should appear as negatives peaks in that of the complementary screen.

In Babinet’s principle, the screens are assumed to be infinitely thin and made of perfect
conductors. In the long wavelength regions, such as the microwave and terahertz wave
regions, these requirements are satisfied sufficiently well, and thus, the optical properties of a
screen are predictable from those of the complementary screen using this principle [19-22].
In the optical region, however, the above prerequisites are no longer valid because the
practically available metals, such as gold and silver, which are often used for metamaterials,
show interband transitions that make them non-perfect conductors. In addition, the thickness
of the available screens, generally thicker than a few tens of nanometers, is not thin enough to
be regarded as infinitely thin compared to the wavelength of visible light. Therefore, it is not
straightforward to apply Babinet’s principle to such real screens in the optical region. We
should clarify the applicability and limitation of this principle in detail, because the principle
gives us useful guidelines for designing not only the metamaterials but also the novel optical
devices such as ultra-small sensors, highly efficient solar cells, and so forth. In this study, we
investigated the far- and near-field optical properties of complementary gold nanostructures, a
gold rectangular nanowire and its complementary nanovoid on a thin gold film, and discussed
the applicability of Babinet’s principle in the optical region.

2. Sample preparations and experimental apparatus

We fabricated gold nanowires and nanovoids on a cover slip using the electron beam
lithography and lift-off techniques. Sample substrate was then spin-coated by a polyvinyl
alcohol (PVA) thin film (~10 nm) to homogenize refractive index of the medium surrounding
the gold nanostructures. The far- and near-field optical properties of the samples were
examined using a homemade aperture-type scanning near-field optical microscope (SNOM).
A schematic diagram of the apparatus is depicted in Fig. 1, together with a scanning electron
micrograph image of a gold-coated near-field fiber probe (JASCO). The SNOM was operated
in the illumination mode. The sample was illuminated through an aperture of the near-field
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fiber probe. The transmitted light from the sample was collected with a high numerical
aperture objective lens and detected by a charge-coupled device (CCD, Andor DU920P-OE)
equipped with a polychromator. A xenon discharge lamp was used as a white light source.
The diameter of the aperture of the near-field probe was 50—100 nm. A linear polarizer was
installed before the polychromator in order to probe the polarization characteristics of the
samples. A sample substrate was mounted on a piezo-driven stage (PI, P-733.3CD). For near-
field transmission measurements, the distance between the near-field probe tip and the sample
surface was kept constant at ~10 nm using a shear-force feedback mechanism. For far-field
transmission measurements, the distance was adjusted to ~1 pm.

To analyze the optical characteristics of the samples in detail, we also performed
electromagnetic calculations using a discrete dipole approximation (DDA) method [23-29].
The dimensions of the nanostructured samples used for the calculations were identical to
those of the fabricated ones. For calculations of the nanovoid, the periodic boundary
condition was adopted, with a unit cell of 3 um X 3 um in the direction of the sample surface,
to reduce the scattering signals from the edges of samples. The spacing between the point
dipoles was set to be 2.5 nm for the calculations. The incident light was a plane wave with a
linear polarization and impinged normal to the sample surface. The dielectric function of gold
was adopted from the literature [30]. The refractive index of the surrounding medium was
L.5.

Xe lamp

Polychromator

Fig. 1. A schematic diagram of a homemade aperture-type SNOM. FC: fiber coupler, NFP:
aperture near-field probe, OL: objective lens, POL: polarizer, CCD: charge-coupled device
detector. Inset: scanning electron micrograph of a gold-coated NFP tip.

3. Results and discussions

Figure 2 shows scanning electron micrographic images of the fabricated single gold nanowire
and nanovoid. The dimensions of each nanostructure were determined to be 690 + 10 nm in
length, 90 £ 5 nm in width, and 20 + 0.5 nm in height. The dimensions of the nanowire were
identical to those of the nanovoid within an accuracy of 10 nm.

Fig. 2. Scanning electron micrographs of a fabricated single gold nanowire (left) and nanovoid
(right). Scale bar is 500 nm. The dimensions of the nanostructures are 690 = 10 nm in length,
90 + 5 nm in width, and 20 £ 0.5 nm in height
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3.1 Far-field spectroscopic properties

FF
1=

(a) oo

o

Extinction efficiency O

Far-field Transmittance 7
<
n
b )
1
1
1
1
1
I S
1 %
1
|
1 Iy
[P L
P
\
o
3
1

L 1 I L 1

1 1 0. 1 1
500 600 700 800 900 500 600 700 800 900
Wavelength / nm Wavelength / nm

Fig. 3. (a) Simulated polarized extinction Q and (b) polarized transmission spectra 7" of a
single gold nanowire (solid red curve) and nanovoid (dotted blue curve) obtained under the far-
field illumination. Schematic illustrations indicate the orientation of the samples relative to the
detected polarization. Bars in (a) indicate the location of the resonance.

We calculated far-field spectral characteristics of the gold wire and the nanovoid using the
DDA method. Figure 3(a) shows the simulated extinction spectra of the wire (solid red line)
and the nanovoid (dotted blue line). In the extinction spectrum of the nanowire, multiple
peaks are observed at 590, 640, 700, and 840 nm. These peaks are assigned to longitudinal
plasmon resonances, based on their polarization and spatial characteristics. Plasmon mode
index (m) is provided near the peaks in Fig. 3(a). In the extinction spectrum of the nanovoid, a
broad dip near 520 nm and a monotonous increase in the long wavelength region were
observed. The spectral profile is very similar to that of the gold thin film. Optical features are
dominated by the gold thin film because in the simulation the plane wave is used for
illumination and thus illumination area for the film is much larger than that for the nanovoid.
Consequently, optical properties due to a small structure is smeared out by those due to the
large one. A close inspection of the spectrum, however, a few tiny dips near 580 nm, 620 nm,
and 720 nm are barely visible.

Figure 3(b) shows polarized transmission spectra of the single gold nanowire and the
nanovoid taken under far-field illumination. The solid (red) and dotted (blue) curves represent
the transmission spectra for the nanowire and the nanovoid, respectively. The transmittance
Tvr (= Lsample / Lsubstrate) Was obtained from transmission intensity obtained at the sample
(Zsampie) and at the bare substrate (/gpstrate). I1lumination spot size was limited to ca. 1-2 um for
effectively observing optical properties of the structures. The schematic illustrations in the
figure show the orientations of the samples relative to the polarization (electric field)
directions detected. The polarization directions are compatible with the conditions required
for the application of Babinet’s principle as described in Eq. (1). Since the magnitude of the
transmittance depends on area of the illumination, we mainly discuss the observed spectral
profiles. In the transmission spectrum of the nanowire, negative peaks are observed at 550,
600, 720 nm, and ca. 830 nm. Peak positions in the simulated spectrum, except for a peak
near 640 nm, shows qualitative agreement with those of the observed ones, and therefore the
observed peaks are assigned to the plasmon resonances. A peak near 640 nm in Fig. 3(b) is
not visible because of the spectral overlap with the nearby peaks. In the transmission
spectrum of the nanovoid, positive peaks are observed at 550, 610, 710 nm, and 850 nm.
These resonances matches qualitatively with the simulated ones, and thus observed peaks are
assignable to the plasmon resonances excited in the nanovoid.

Provided that Babinet’s principle is applicable to the present system, the resonance
wavelengths of the nanovoid should be identical to those of the nanowire and signs of the
peaks in the nanovoid should be opposite compared with those in the nanowire. Thereby, a
transmission spectrum of the nanovoid should be identical to the inverted spectrum of the
nanowire with respect to the dashed line in Fig. 3(b). The observed transmission spectrum of
the nanovoid shows resonance wavelengths close to those of the nanowire. However, the
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observed spectral profile of the nanovoid deviates significantly from the inverted profile of
the nanowire. The result indicates that the complementary pair of gold nanostructures does
not exhibit spectral profiles expected from Babinet’s principle.

3.2 Near-field spectroscopic properties

Near-field optical imaging of the nanowire and nanovoid were conducted to obtain further
information on the optical characteristics of the complementary screens and to reveal the
origin of the deviation from Babinet’s principle. Near-field transmission spectra of the
nanowire and nanovoid are shown in Fig. 4(a) as the solid (red) and dotted (blue) curves,
respectively. Near-field transmittance 7 ( = I/I) was obtained from the transmission
intensity at a glass substrate (/y) and that at the center of the sample (/). The polarization
directions for the near-field measurements were parallel to the long axis of the nanowire and
perpendicular to that of the nanovoid, which are the same as those for the far-field
measurements. The near-field spectra were found to be more complicated than the far-field
ones. The near-field transmission spectrum of the nanowire showed negative peaks at 520,
630, 700, 740, 810, and 920 nm, while the nanovoid showed positive peaks at 550, 650, 720,
740, 840, and 920 nm. The peaks observed near 740 and 920 nm were only observable in the
near-field spectrum. These peaks are also attributable to plasmon resonances excited in these
nanostructures, as discussed later. Similar to the far-field transmission spectra in Fig. 3(b), the
near-field transmission spectra showed spectral features that are only partially complementary
to each other. To apply Babinet’s principle rigorously, screens should be infinitely thin and
perfect conductors, and thus, plasmon excitations should not be involved. In the present
system, however, plasmon resonances are excited. This implies that plasmon excitations are
partially responsible for the deviations from Babinet’s principle.

It is worth noting here that a change of transmittance observed in a near-field transmission
spectrum involves both evanescent (near-field) and propagating (far-field) wave components,
since the near-field aperture probe provides not only near-field light but also far-field one [31,
32]. A genuine near-field extinction spectrum is therefore obtainable by subtracting the far-
field extinction components from the near-field transmission spectrum. Near-field
transmittance 7' in Fig. 4(a) is thus given as

™ =1-pOJ —q0% ®)

where Q) is the near-field extinction efficiency, which is composed of the near-field
scattering efficiency and the absorption [33]. Q' represents the far-field extinction efficiency

and is expressed as QF =1-T"" where T'" is the far-field transmittance shown in Fig. 3,

ext

and p and ¢ are the amplitude parameters for the near-field and far-field contributions,
respectively. From Eq. (5), the genuine near-field extinction efficiency, Q" , was determined

ext 2

by the following equation.
ON =(1-T" —qQl)/ p=[1-T" —q(1-T™) ]/ p (6)

We should note here that spectral profiles of the near-field extinction depend only on the
parameter g. We optimized the parameters ¢ by balancing the amplitudes of Q) for the

nanowire and the nanovoid. We used the same parameter for the nanowire and nanovoid in
the analysis. Figure 4(b) shows the near-field extinction spectra of the nanowire and nanovoid
obtained with the parameters (p = 1.00 and ¢ = 1.88) in Eq. (6). In the near-field extinction
spectrum obtained in this analysis, the positive and negative peaks correspond to reductions
and enhancements of the near-field transmission intensity, respectively, compared with that
observed at the substrate. In the near-infrared region, the nanowire shows positive peaks of

™ most likely due to reduced transmission by localized plasmon excitations, while the

ext
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nanovoid shows negative peaks due to enhanced transmission (reduced reflection) by
plasmon excitations. Figure 4(c) show a sum spectrum of the near-field extinction spectra
obtained for the nanowire and nanovoid. For the spectral range longer than 620 nm in Fig.
4(b), the spectral features of the nanowire are nearly identical to the inverted spectral profile
of the nanovoid with respect to the zero line. As a consequence, the sum spectrum in Fig. 4(c)
remains approximately null in this spectral region. The result is consistent with the spectral
complementarity related to Babinet’s principle. On the other hand, for the spectral wavelength
range shorter than 620 nm, the spectra for the nanowire and nanovoid show little
complementarity because of the interband transitions of gold.
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Fig. 4. (a) Near-field transmission spectra 7" of a single gold nanowire (solid red curve) and
nanovoid (dotted blue curve). The polarization directions were parallel to the long axis of the
nanowire and perpendicular to that of the nanovoid, which were the same as those for the far-
field measurements. (b) Near-field extinction spectra QCILF of a single gold nanowire (solid

red curve) and nanovoid (dotted blue curve) obtained by subtracting the far-field transmission

NF

spectra from the near-field ones (for details see the text). (c) A sum spectrum of ),

for the
nanowire and nanovoid.

3.3 Near-field spatial properties

Next, we visualized a spatial distribution of the excitation probability of the samples. Figures
5(a), 5(c), and 5(¢) and Figs. 5(b), 5(d), and 5(f) show near-field transmission images of the
nanowire and the nanovoid, respectively. The wavelengths of observation were Figs. 5(a)—
5(b) 738-748 nm, Figs. 5(c)-5(d) 812—821 nm, and Figs. 5(¢)-5(f) 916-926 nm. The arrows
indicate the polarization directions of the detected photons. The dark parts indicate the
reduction of transmission intensity due to the absorption and scattering of light. The
excitation probability in the nanowire oscillates periodically along the long axis of the
nanowire. The number of dark spots decreases as the observed wavelength becomes longer.
The result implies that the dark spots correspond to antinodes of the plasmonic standing
waves induced in the nanowire, and thus, the oscillating features observed are attributable to
the (a) 6th, (c) Sth, and (e) 4th longitudinal plasmon modes [34,35]. We should mention here
that the plasmon modes with even m values are only accessible by the local excitation with
the near-field probe. These are optically forbidden modes by a plane wave excitation, since
the polarizations induced in the wire becomes null due to the symmetry of the mode. For this
reason, the near-field transmission spectra show additional resonances near 740 and 920 nm
with respect to the far-field ones.

In the transmission images of the nanovoid shown in Figs. 5(b), 5(d), and 5(f), the
excitation probability is almost constant along the long axis of the nanovoid. On the other
hand, the excitation probability on the film (outside of the void) oscillates periodically along
the perpendicular direction to the long axis of the nanovoid. We obtained the dispersion
relation of the oscillation by plotting the resonance energy against the wave vector. The wave
vector was evaluated from the period of oscillation in the image, and the resonance energy of
the oscillation mode was obtained from the near-field transmission spectrum. The dispersion
relation determined in this manner agrees well with that predicted for surface plasmons on a
gold film. The oscillations observed in Figs. 5(b), 5(d), and 5(f) are thus assigned to the
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plasmons excited on the gold film. Origin of the oscillation pattern in Fig. 5 is explained as
follows: upon the near-field excitation on the gold film, surface plasmon is excited. Then, the
excited plasmon propagates on the gold film and is reflected back at the edge of the void. At
the near-field excitation point, the excited and reflected plasmons interfere with each other
and generate a standing wave. Amplitude of the standing wave depends on a distance between
the excitation point and the edge of the void. As a consequence, the periodic oscillation was
observed in the near-field images.

A=T738-748 nm A=812-821 nm A=916-926 nm

Intensity

High

Low

Fig. 5. Near-field transmission images of a single gold nanowire in (a), (c), and (e) and
nanovoid in (b), (d), and (f). Observation wavelengths: (a) and (b) 738-748 nm, (c) and (d)
812-821 nm, (e) and (f) 916-926 nm. The arrows indicate the detected polarization directions.
The white dotted lines indicate the outlines of the nanowire and nanovoid. Scale bars are 500
nm.

Now, we discuss the applicability of Babinet’s principle from the viewpoint of the spatial
features of the near-field transmission images. Babinet’s principle states that the spatial
distribution of the diffracted fields for the nanowire is identical to that for the nanovoid under
the appropriate incident polarization conditions. Comparing the near-field transmission
images of the nanowire and nanovoid in Fig. 5, the spatial features are found to be not
identical with each other. This may indicate that the observed near-field images in Fig. 5 are
not compatible with the expectation from Babinet’s principle. According to the principle, the
electric field diffracted by the screen should be compared with the magnetic field diffracted
by the complementary counterpart. The different spatial characteristics observed for the
complementary structures, therefore, should be originated from both or either the following
two factors. One is that the electric field for the structure is not compared with the magnetic
field for the counter one. The other one is that the prerequisite conditions for the application
of the principle are not fully satisfied.

3.4 Simulated electromagnetic field distributions

To analyze the correlation between the electric and magnetic fields in the nanowire and
nanovoid, we compared simulated electromagnetic field distributions for these
complementary structures using DDA calculations. We discuss here the Sth longitudinal
plasmon mode for the wire and the corresponding mode for the void, since the other 4th and
6th plasmon modes in Figs. 5(a) and 5(e) are dipolar forbidden and are not accessible by a
plane wave excitation in the DDA calculation. Figures 6(a) and 6(b) show the electric field
for the nanowire and the magnetic field for the nanovoid, respectively, simulated at 840 nm.
In these images, the fields were obtained at 2.5 nm above the nanostructures. The arrows
indicate the incident polarization directions. The excitation wavelength for the simulation is
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slightly longer than that for the observation, because geometrical shapes of the corners for the
fabricated structures were not accurately modeled with the simulation. It is known that the
rounding the corner induces the blue-shift of the resonance [36,37]. For this reason, we
compared the simulated results obtained at 840 nm with the observed images taken near 820
nm. The simulated image in Fig. 6(a) qualitatively reproduces the observed spatial features in
Fig. 5(c). Namely, the electric field distribution for the nanowire shows a spatially oscillating
feature attributable to the 5th longitudinal plasmon mode of the wire. For the nanovoid, in
contrast, plasmonic standing waves are found on the gold film outside of the void, with wave
vectors perpendicular to the long axis of the void. The electric field distribution for the
nanowire is totally different from the magnetic field distribution for the nanovoid, as is
consistent with the experimental observations. The results indicate that Babinet’s principle is
apparently not applicable for the prediction of the spatial characteristics of the optical field on
a screen made of gold from those on a complementary counterpart in the visible and near-
infrared spectral regions.
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Fig. 6. Calculated electromagnetic field distributions for a gold nanowire and a nanovoid: The
electric field (E) of the nanowire at 840 nm (a); the magnetic field (B) of the nanovoid at 840
nm (b). The arrows indicate the incident polarization directions. The white dotted lines indicate
the outlines of the nanostructures. Scale bars are 500 nm.

Here, we should note that the near-field components of the extinction spectra in Fig. 4(b)
showed consistency with Babinet’s principle, which gave complementary spectra. This fact
suggests that Babinet’s principle is applicable to the present system as far as the near-field
spectral components are concerned. Therefore, the spatial features of the optical near-fields
are possibly compatible with Babinet’s principle for complementary screens in a similar way
as the spectral features. Near-field signals originate dominantly from higher spatial-frequency
components of electromagnetic fields than far-field signals do, and thus, the high spatial-
frequency components of the electromagnetic field distribution presumably give the near-field
contribution. We here discuss the applicability of Babinet’s principle to the spatial features of
the optical near-fields by extracting the high spatial-frequency components of the
electromagnetic field distributions. Fourier analyses were conducted for the electric field
distribution on the nanowire in Fig. 6(a) and the magnetic field distribution on the nanovoid
in Fig. 6(b). In the analysis procedure, the original electromagnetic field images were first
converted into spatial-frequency images by two-dimensional Fourier transformation. The
spatial-frequency components from 8 to 200 pm™" were then extracted from the transformed
images by a circular band-pass edge filter. Finally, the high spatial-frequency components of
the electromagnetic field distributions were reconstructed by inverse Fourier transformation.



Research Article Vol. 25, No. 5 | 6 Mar 2017 | OPTICS EXPRESS 5288

Optics EXPRESS

The high-frequency limit of the band-pass filter (200 um™") was determined from a half of an
inverse of the dipole size for electromagnetic calculations (2.5 nm), and the low-frequency
limit (8 um™") was set by considering the reasons described below.
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Fig. 7. The high spatial frequency components of the electromagnetic field distributions for the
gold nanowire and the nanovoid based on Fourier analysis (for details see the text): The
electric field (E) of the nanowire at 840 nm (a); the magnetic field (B) of the nanovoid at 840
nm (b). The spatial frequency range was from 8 pm™ to 200 um™. The arrows indicate the
incident polarization directions. The white dotted lines indicate the outlines of the
nanostructures. Scale bars are 500 nm. (c,d) Line profiles of the field distributions for the
nanowire and nanovoid taken along the long side of the structure.

Figures 7(a) and 7(b) show the extracted high spatial-frequency components of the electric
(for the nanowire) and magnetic (for the nanovoid) field distributions, respectively. The
excitation wavelength was 840 nm. The spatial features for the nanowire in Fig. 7(a) are very
similar to those in Fig. 6(a). On the other hand, spatial features for the nanovoid in Fig. 7(b)
are markedly different from those in Fig. 6(b). Specifically, the spatially oscillating features
on the metal film are significantly reduced in Fig. 7(b), compared to those in Fig. 6(b). As a
consequence, spatial features in the vicinity of the void become very prominent in Fig. 7(b).
The spatial variation observed from Fig. 6(b) to Fig. 7(b) occurred as the low-frequency limit
of the filter was set from 3 pm™ to 7 pm™. For the low-frequency limit larger than 7 pm™,
the spatial features of the images remain roughly unchanged from those in Fig. 7(b). This
result indicates that the transition from far-field dominant spatial characteristics to near-field
dominant ones occurs in the spatial frequency range from 3 pm™ to 7 pm™".

In Figs. 7(a) and 7(b), the electric (for the wire) and magnetic (for the void) field
distributions both show periodic oscillations along the long-sides of the structures. Figures
7(c) and 7(d) show line profiles of the electric field for the nanowire and the magnetic field
for the nanovoid, respectively, taken along the long side of the nanostructure. Peak positions
(and as a consequence the period of the oscillation) for the nanowire nearly coincide with
those of the nanovoid. From this point of view, the electric field distributions for the nanowire
are consistent with the magnetic field distributions for the nanovoid for their high-frequency
components. We also found from the analysis that the oscillating periods for both structures
become long with increasing excitation wavelength in a consistent manner. These facts imply
that Babinet’s principle is compatible with the high spatial-frequency (or optical near-field)
components of the electromagnetic fields near the metal screens in the visible to near-infrared
spectral region.
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The discussion described above, from the viewpoints of the spectral and spatial
characteristics, suggests that Babinet’s principle is applicable to high spatial-frequency (or
near-field) optical fields for the complementary thin metallic screens, even if the prerequisite
conditions, i.e., infinitely thin and perfect-conducting screens, are not fully satisfied. The
reason why the applicability of Babinet’s principle is restricted to the high spatial frequency
(or optical near-field) components has not yet become clear. Further experimental
examinations with other substances and elaborated theoretical analysis including the near-
field light source should be carried out to clarify the physical origins behind this observation.

4. Conclusion

We investigated the far-field and near-field spectroscopic properties of complementary
nanostructured gold screens, nanowires and nanovoids using an aperture-type SNOM and
discussed the applicability of Babinet’s principle in the optical region. We found that
Babinet’s principle was not valid for the far-field transmission spectra of the complementary
screens in the visible to near-infrared spectral region. The observed near-field transmission
spectra showed only a slight resemblance between the complementary pair. We extracted the
spectral features that are characteristic of near-field scattering by subtracting the far-field
contribution from the near-field transmission spectra and found that the genuine near-field
extinction spectra for the nanowire and nanovoid obtained in this way showed nearly
complementary spectral features in accordance with Babinet’s principle. We investigated
near-field transmission images and simulated electromagnetic field distributions (with DDA
method) for the complementary screens to examine the applicability of Babinet’s principle
from the viewpoint of the spatial characteristics. We found that the spatial features for the
complementary screens showed little correlation to each other for both the near-field images
and the simulated ones. On the other hand, we found from the Fourier analysis of the
simulated images that the high spatial-frequency components of the electric field on the wire
and those of the magnetic field on the void showed mutual spatial complementarity. The
spectral and the spatial characteristics described above suggest that Babinet’s principle is
applicable to the high spatial-frequency (or optical near-field) components of electromagnetic
fields for the complementary metal screens.
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