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We demonstrate a schematic method to tune and control the polarization
orientation of surface Plasmon polaritons highly confined and enhanced to
nanoscale spot. The two types of nanostructures are used and illuminated with
specially designed excitation source which is created by directing a radially
polarized beam onto a half-blocked linear polarizer. The overall polarization
orientation is defined and calculated. It is demonstrated that the azimuthal
angle of the overall polarization orientation can be arbitrarily tuned by
rotating the one lobe linearly polarized beam azimuthally and the polar angle
of the overall polarization orientation can be adjusted by using the different
thick circular disk with the diameter less than the wavelength of the surface
plasmon polaritons. The highly confined and enhanced light field with
tunable polarization orientation may make many applications more attractive
and applicable, especially for polarization-sensitive sensing technique and
other nanoscale device.

1. Introduction
Surface plasmon polaritons (SPPs) are the collective oscillations of free electrons at metal and
dielectric interfaces excited by external illumination. The SPPs offers a route to control light fields
with metallic nanostructures. These nanostructures can tightly confine electromagnetic energy into
nanoscale volume and accordingly enhanced the light field compared with the incident light field.
These properties have enabled breakthroughs in diverse applications including super-resolution
Imaging,"” single-molecule detection,” surface enhanced Raman scattering (SERS),* biological
sensing,” photovoltaics,” quantum communications,”® nanocircuitry,”'’and metamaterials.'"""*
Thus the nanostructures and manipulation of SPPs is currently an attractive research subject. Up to
date, various nanostructures and illumination schemes for confining, enhancing and manipulating
the SPPs have been proposed.'”™’

In the far field sub-wavelength focusing of objectives, the modulation of amplitude, phase
and polarization of incident beams for manipulating the shape and polarization of subwavelength

focusing spot has been intensively investigated.”*"

However, the polarization manipulation of the
surface Plasmon polaritons in the near field of nanostructures is seldom reported. It seems that the

SPPs always propagate along the metal surface resulting in the dominant out-of-plane component
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of the polarization. However, in the confined and enhanced nanoscale spot, the superposition and
interference of SPPs originated from various directions and different parts of the nanostructure
should change the overall polarization orientation. The asymmetry of the nanostructure, the
anisotropic property of materials and the varied illumination sources with different polarization
state and intensity distribution will also result in the different orientations of overall polarization in
nanoscale electric field. On the other hand, when we probe into the field around more small

16,18,19,39
»57°7 the vector

nanostructure such as the tip, hole, slit or the corner of the metal materials,
orientation of the electric field is not simply an out-of-plane component. It is obvious that the
polarization state in the near field of the nanostructure also strongly depends on the local
geometrical shape of the metal. Conversely, the polarization state in the confined field contains the
information of the incident beam and the nanostructure.

In this paper, motivated by applications such as probe of near-field imaging,**
polarization-sensitive fluorescence emission rate,** plasmonic lithography,43 we proposed two
nanostructures illuminated with radially polarized beam filtered by a half-blocked linear polarizer
for manipulating the polarization state of the confined and enhanced light field. The first
nanostructure is made of several periodic annular slits milled into the thin layer of gold film with a
small gold disk located in the center; the second nanostructure is composed of circularly arranged
and equally spaced multiple pairs of specially designed two rectangle slits. We calculated the
confined and enhanced nanoscale surface plasmonic field located at the center of the nanostructure
when it is illuminated by a radially polarized beam along with a half-blocked rotatable linear
polarizer. We also defined and calculated the overall polarization orientation composed of the
azimuthal angle with respect to the x-axis and the polar angle with respect to the z-axis. It is found
that the overall polarization orientation can be tuned azimuthally. The polar angle of the
polarization with respect to z-axis is also controllable by adjusting the thickness of the circular
disk in the center of the nanostructure.

2. The nanostructure and the excitation field

We describe the first nanostructure for confining and enhancing the electric field. It is a surface
plasmonic lens (SPL). Fig.1 illustrates the entire nanostructure. Fig.1 (a) is the perspective view of
the nanostructure with the inset being the close-up of the central part. Fig.1 (b) is the side view
crossing the center of the nanostructure. The concentric periodic annular slits milled into the gold
film and titanium film with thickness of 120nm and 30nm, respectively, are designed for exciting
propagating surface plasmon polaritons. The widths of the slits are around 200nm. The period of
the annular slits is equal to the wavelength of surface plasmonic wave. When the wavelength of
external excitation laser is 633nm, the respective wavelength of surface plasmonic polaritons is
around 600nm. The outmost annular slit is a half of the period away from the adjacent annular slit
for reflecting the outward propagating SPPs into inward propagating SPPs. For the concentric
periodic annular slits, the best excitation source is the radially polarized beam. The SPPs
propagates along the interface between the metal and dielectric medium with the electric field
component dominantly perpendicular to the surface. As a result of interfering constructively, a
focusing nanoscale spot with the size of half wavelength is created in the center of this concentric
circular periodic annular slits. The electric field component in focusing spot may change the
spatial orientation when encountering any of nanoscale grooves, pits, holes, tips, disks or corners.
In the near field of such special physical structure, the surface plasmonic polaritons is also
affected by the way of the illumination. The overall polarization in a small volume mainly
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depends on the strong and dominant local polarization component. To increase the degree of
freedom in tuning the polarization, a circular disk is positioned in the center of the nanostructure.
Accordingly, the focusing electric field will further excite the localized surface plasmon on the
small, and circular gold disk, generating confined and enhanced nanoscale electric field with more
freedom of tuning polarization.

(b) Slits An disk Au film

¥

SiO; Substrate Ti film

Fig.1. The first nanostructure for confining and enhancing the surface plasmon polaritons which can be excited by
the radially polarized beam. The incident beam is directed onto the nanostructure from the side of the substrate. (a)

The perspective view and the close-up of the central part; (b) the side view of the nanostructure.

The second nanostructure for confining and enhancing the electric field is shown in the Fig.2.
Here it is termed as the structure for all-type polarization illumination (shortened as SATPI).The

gold film and titanium film with thickness of 120nm and 30nm are deposited on the SiO, substrate.

The ring-shaped multiple pairs of two mutually perpendicular rectangular slits can be fabricated
by the focused ion beam (FIB). The each single pair of rectangular slits is specially designed as
shown in Fig. 2(a). The center of the blue dashed rectangle is located at the origin of XY
coordinates system. The two gray rectangles denote two slits milled into the gold film. The green
line oriented along with the radial direction of the overall nanostructure as shown in Fig. 2(b)
passes through the origin of the coordinate system as illustrated in the Fig. 2(a). The parameters
are as follows:*”> W =40nm, L=200nm, M =90nm,N =120nm. The radius R of the
red circle is around3000nm . The number of the total pairs on the annular circle is 90. The
spacing distance between two adjacent pairs is around 210nm. With these structure parameters,

the A, on the interface between gold and air are larger than the length of the narrow aperture.

For SPPs excitation, usually only the component of the incident light that is polarized
perpendicularly to the slits can be coupled into SPPs, leading to a decrease in the SPP signal and a
loss of information about the incident polarization state.”® However, for a narrow rectangular
subwavelength slits, the SPP emission pattern is approximately that of an in-plane dipole.* A pair
of such two mutually perpendicular rectangular subwavelength slits both of which are oriented 45°
with respect to the radial direction can be excited by incident linear polarized beam, radially
polarized beam and circularly polarized beam. When multiple pairs of such two slits are arranged

in an annular shape with spacing between two adjacent pairs less than the A, , the lunched SPPs

can be viewed as converging plane waves.*” This effect is independent of the orientation of the
individual narrow aperture. Thus the nanostructures are not sensitive to the polarization
orientation in excitation. In the following section, we show that both of the circularly polarized
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incident illumination and radially polarized incident illumination can excite the SPPs propagating

towards the center of the nanostructure.

g

Fig.2 The second nanostructure for confining and enhancing the surface plasmon polaritons which can be excited
by both of the radially polarized beam and circularly polarized beam. (a) A single pair of two rectangular slits; (b)
the overall structure composed of 90 pairs of two rectangular slits arranged on the circle with the radius of 3000nm.

The red dotted circular line is not structure, it is only for denoting the radius.

Both of two nanostructures described above are capable of confining and enhancing the
electric field to a nanoscale spot in the center of the nanostructure. To realize the tuning of the
polarization state in the confined and enhanced nanoscale spot, we designed a linearly polarized
one lobe illumination source which can be rotated azimuthally. It is obtained as follows: first, a
radially polarized Gaussian beam as shown in Fig. 3(a) is filtered by a linear polarizer. It becomes
a linearly polarized two lobe illumination source as illustrated in Fig. 3(b). Second, the one lobe of
the linearly polarized two lobe illumination source is completely blocked. It is shown in the
Fig.3(c). The detailed descriptions of the polarization and intensity transformation are given in the
supplementary information. For comparison, Figure 3(d) shows a cross-section intensity
distribution of a linearly polarized Gaussian beam. When half of it is blocked, it becomes a
linearly polarized half beam as illustrated in Fig. 3(e). There is the difference between Fig. 3(c)
and Fig. 3(e) in intensity distribution. Obviously, Fig. 3(c) should be a better choice for
azimuthally controllable illumination. The above-mentioned two nanostructures are both circularly
symmetrical. When they are illuminated by using the light source as described in Fig. 3(c), the
azimuthal angle of the overall polarization of highly enhanced and confined nanoscale spot in the
center of the nanostructure is expected to be tunable.
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Fig.3 the illumination source for tuning the polarization of the enhanced electric field nanoscale spot confined in
the near field of the nanostructures. (a) a radially polarized Gaussian beam; (b) a linearly polarized two-lobe beam
which is created by passing the radially polarized beam through an aligned linear polarizer which can be rotated; (c)
a linearly polarized one-lobe beam created by passing the radially polarized Gaussian beam through a half-blocked

linear polarizer; (d) a linearly polarized Gaussian beam; (e) a half-blocked linearly polarized Gaussian beam

3. The enhancement and confinement of the SPPs

We use commercial FDTD Solutions to calculate the electric field distribution in the near field of
the nanostructures described in section 2. The first nanostructure (SPL) as illustrated in the Fig.1
is designed for illumination wavelength of 633nm. With the illumination of radially polarized
beam, the SPP intensity distribution on the monitor normal to the z axis which is 10nm away from
the gold film surface is shown in the Fig.4. Figure 4(a) is the total intensity distribution. The
intensity enhancement factor compared to the maximum incident intensity is as high as 240. The
FWHM (full width at half maximum) is around 200nm. Figure 4(b) is the close-up of the central
part in Fig. 4(a). Figure 4(c), Figure 4(d) and Figure 4(e) are the intensity distributions of three

electrical field components £ _, £ ) and E_, respectively. It is seen that the central nanoscale spot is

mainly composed of E_component which is polarized perpendicular to the metal surface.

The second nanostructure (SATPI) with the parameters described in section 2 and illustrated
in Fig.2 is also designed for excitation wavelength of 633nm. To verify the feasibility of the
structure parameters, we use different wavelengths in both of circularly polarized beams and
radially polarized beams to calculate the intensity distribution of the SPPs in the near field of the
gold film. In this calculation, a circular gold disk with thickness of 10nm and diameter of 100nm
is placed at the center of this nanostructure. Fig.5 shows the wavelength dependence of the
enhancement factors. It is found that the wavelength of 633nm in both of circularly polarized
beam illumination and radially polarized beam illumination are optimized value for maximum
enhancement. It is also obvious that the enhancement of the confined nanoscale electric field spot
obtained by circularly polarized beam illumination is better than that of the confined nanoscale
electric field spot obtained by radially polarized beam illumination. This performance can be
attributed to the unidirectional propagation property of the second nanostructure when it is a
vertical line column and illuminated with circularly polarized beam.** The theoretical explanation
and graphical illustration (see Fig.S3 and Fig.S4) can be found in supplementary information. If
we define the bandwidth as the wavelength range in which the enhancement is larger than half of
the maximum enhancement, the bandwidth of this nanostructure is roughly 220nm both for
circularly polarized beams and radially polarized beams illumination. It is limited to the visible
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illumination with the center wavelength of 633nm.

One of the most attractive applications of the highly enhanced and confined nanoscale
electrical field is the excitation and imaging of Raman spectrum. With the nanostructures
described above, the enhanced and confined electrical field is located at the center of the
nanostructure. When a cone-shaped gold nanoparticle is fabricated at the center, the more strong
localized surface plasmons will be further excited at the tip of this cone-shaped nanoparticle. This
nanoparticle with sharp tip could serve as a probe for scanning the sample and imaging the Raman
spectrum (usually it is termed tip-enhanced Raman spectroscopy). We calculated tip enhancement
for the first nanostructure with a cone-shaped gold nanoparticle at the center when it is illuminated
with the radially polarized beam. The diameter of cone base is 100nm and the height of it is
300nm. The calculation shows that the intensity enhancement factors could be six orders higher

than that of the incoming illumination light (Fig.S5).

X0

vinm)

0 1 4
x(nm) x10

Fig.4 The intensity distribution of SPPs when the first nanostructure shown in Fig.1 is illuminated with the radially
polarized beam. The size of the monitor is 8000nmx8000nm. The monitor parallel to the surface of the gold film is

10nm away from the surface.
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Fig.5 The enhancement dependence on the illumination wavelengths when the second nanostructure (SATPI) is

illuminated.

4. The characterization and manipulation of the polarization in the nanoscale spot

In this section, we propose a conception of the overall polarization effect of three-dimensional
confined and enhanced nanoscale electric field spot. Then we demonstrate a scheme for tuning the
polarization azimuthally and the polarization polar angle with respect to the z-axis.
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In Ref.(38), an arbitrary polarization manipulation is achieved in a subwavelength focal plane
of the high numerical aperture objective by directing differently weighed radially polarized beam
and azimuthally polarized beam simultaneously onto the azimuthally apodized back aperture of
the objective. However, the strongest light intensity is not necessary located on the focal plane.
The light field out of the focal plane will certainly interact with the matters such as relatively big
nanorods or small dipolar molecule. In our investigation, we consider characterization and
manipulation of the overall polarization effect in a nanoscale volume near the metal surface of the
nanostructure. To describe the overall polarization effect on the polarization-sensitive matters, we
assume that there is a cubic box encompassing the enhanced and confined nanoscale spot which
was divided into M x M x N unit cells. In each unit cell, the magnitude and the direction of the
electric field vector is assumed to be a constant. Considering phase difference among the unit cells,
we defined and calculated the three electric field components, the azimuthal angle and the polar
angle of the overall polarization orientation as shown in Fig.S6. The detailed definition and
calculation formulae can be found in supplementary information.

4.1 The SPL with linearly polarized one-lobe illumination

We first choose illuminating the SPL with no disk at the center in six way: all-around, left side,
bottom, right side, top and tilted as shown in the Fig.6(a), (d), (g), (j), (m) and (p). Fig.6 (b), (e),
(h), (k), (n) and (q) are the respective intensity distribution. The red arrow in Fig.6 (c), (f), (i), (1),
(o) and (r) are the respective overall polarization orientation described by azimuthal angle and
polar angle with respect to the z-axis. It is obvious that the azimuthal angles change along with the
illumination way. By rotating the half-blocked linear polarizer, the polarization orientation of the
confined and enhanced nanoscale electric field will change azimuthally. However, the polar angle
with respect to the z-axis remains almost the same. We expect that the polar angle depends on the
intensity distribution of the one lobe linear polarized beam. For this reason, the FWHM (full width
at half maximum) of the radially polarized beam has been increased from 12000nm to 16000nm.
We calculated the intensity distribution and polarization orientation in the case of left side
illumination. The result is demonstrated in Fig.6(s), (t) and (u). It is found that the polar angle
depends on the intensity distribution of the illumination of the nanostructure. Another approach to

tune the polar angle is to put a circular disk with the diameter less than the A,,. By changing the

thickness, the polar angle of the overall polarization will change drastically. It is illustrated in
Fig.7. Fig.7 (a), (b), (c) and (d) are the intensity distributions and polarization states for the
circular disk with thickness of 10nm; Fig.7 (e), (f), (g) and (h) are the intensity distributions and
polarization states for the circular disk with thickness of 20nm; It is demonstrated that the polar
angle of the overall polarization strongly depends on the thickness of the circular disk in the center
of the nanostructure. The intensity distribution is also influenced. It should be noted that, in order
to tune the polarization orientation, the disk diameter has to be much less than the wavelength of
the SPPs since the size of the confined electric field is less than the wavelength of the SPPs. In this
investigation, the diameter of the disk is set to be 100nm. How this parameter is determined are

given in supplementary information.
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Fig.6 The illumination way, the intensity distribution in the near field of the nanostructure and the respective
overall polarization orientation of the confined and enhanced nanoscale volume. In (a), (d), (g), (j),(m) and (p), the
intensity distribution of the cross-section of the radially polarized beam before passing through the half-blocked
linear polarizer has the FWHM of 12000nm. In (s), the FWHMs are 16000nm. The polar angles of the overall

orientation are 35°.
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Fig.7 The polar angle of the overall polarization can be tuned when a small circular disk with the diameter less
than the wavelength of the SPP is present at the center of the SPL. In Fig.7 (a) , (b),(c) and (d), the thickness of the
disk is 10nm and polar angle is 7°. In Fig.7 (e),(f), (g) and (h), the thickness of the disk is 20nm and polar angle is

0.7°. The diameters in both of cases are 100nm.

4.2 The SATPI with linearly polarized one-lobe illumination

The circularly polarized beam is constructed with two linearly polarized beams. The polarization
orientations of two linearly polarized beams are perpendicular to each other and there exist a
phase difference of 7/2 . The investigation and calculation shows that, when a circularly
polarized beam illuminates only a segment of SATPI nanostructure, the polarization orientation of
the confined and enhanced nanoscale is not azimuthally adjustable as expected. To tune the
polarization orientation, we still use the linearly polarized one-lobe beam to illuminate the
arc-shaped segment of SATPI nanostructure as illustrated in Fig.8. As verified in Fig.9, the
azimuthal angle of the overall polarization in a nanoscale volume located at the center of the
arc-shaped nanostructure is expectedly adjustable.

Fig.8 an arc-shaped segment of SATPI
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Fig.9 tuning the polarization orientation of the nanoscale electric field volume created at the center of the
arc-shaped and segmented SATPI when it is illuminated with an azimuthally adjustable and linearly polarized one

lobe beam

5. Summary

We have demonstrated that the polarization orientation of the confined and enhanced surface
plasmon polaritons in a nanoscale volume can be controlled and tuned in terms of both of
azimuthal angle and polar angle with respect to z-axis by using azimuthally adjustable and linearly
polarized one lobe illumination sources. We show that, two nanostructures, the surface plasmonic
lens(SPL) composed of a series of periodic annular slits milled into the gold film with a circular
disk and the structure for all-type polarization illumination (shortened as SATPI ) can be used to
tune the overall polarization orientation. The azimuthally adjustable and linearly polarized one
lobe illumination sources can be created by directing a radially polarized beam onto an aligned
and half-blocked linear polarizer. The tunable nature of overall polarization orientation of a
confined and enhanced nanoscale electric field may open up the possibility of many nanoscale
polarization-sensitive applications and opto-electric devices.
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