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ABSTRACT Nanowire plasmons can be launched by illumination at one terminus of the nanowire and emission can be detected at
the other end of the wire. Using polarization dependent dark-field scattering spectroscopy, we measure how the polarization of the
emitted light depends on the polarization of the incident light. We observe that the shape of the nanowire termination plays an
important role in determining this polarization change. Depending on termination shape, a nanowire can serve as either a polarization-
maintaining waveguide, or as a polarization-rotating, nanoscale half-wave plate. The understanding of how plasmonic waveguiding
influence the polarization of the guided light is important for optimizing the structure of integrated plasmonic devices.
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ubwavelength photonic devices can be integrated with
electronics to overcome the bandwidth and data
transmission rate limitations of classical electrical
interconnects.' The development of such miniaturized pho-
tonic circuits is of great current interest in nanophotonics.*”
Plasmonics as a subfield of nanophotonics is concerned with
the control of light at the nanoscale, using surface plasmons
polaritons (SPPs).*"'" As the nanoscale analog of an optical
fiber, plasmonic waveguides are an important component
needed for light transmission in surface plasmon-based
photonic circuitry.'®”'* Recently various types of plasmonic
waveguides have been developed.'®™'? It has been shown
that gold and silver nanowires can guide SPPs up to tens of
micrometers with relative low loss of energy.?°*® Many
studies have focused on improving the performance of the
nanowire waveguide, achieving higher in-coupling efficiency
of light***?® and lower propagation loss.®** However, very
little is known about how the polarization of the out-coupled
light is related to the polarization of the incident light. An
understanding of the input-output polarization properties of
light from plasmonic nanowire waveguides is crucial for
waveguide design, optical interconnects, and the ultimate
integration of active plasmonic devices such as logic ele-
ments, switcher, and multiplexers.
In this paper, SPPs are excited at one end of a silver
nanowire. While varying the polarization of the excitation
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beam, the polarization of the light emitted at the other end
of the nanowire was analyzed. The polarization change is
found to depend sensitively on the geometrical shape of the
wire terminations. Theoretical analysis shows that the shape
of the nanowire termination where the plasmon is launched
determines the relative intensity of the SPPs modes excited
in the nanowire, which can modify the polarization of the
emitted light. The shape of the emission end, on the other
hand, can change both the spatial distribution and polariza-
tion of the emitted light. With properly designed nanowire
terminations, a nanowire can serve either as a polarization-
maintaining plasmonic waveguide or as a nanoscale polar-
ization rotating half-wave plate.***°

The experimental setup is shown in Figure 1a. A laser
beam with the wavelength 633 nm is focused onto one end
of a silver nanowire with an objective (Olympus UPlanApo,
100x, N.A. = 1.35). The polarization of the incident light is
rotated by a half-wave plate before the half-reflecting mirror.
The emission from the other end of the nanowire is collected
by the same objective and recorded by a TE cooled 1392 x
1040 CCD detector. By rotating the polarizer in front of the
CCD detector, the polarization of the light emitted from the
nanowire can be obtained. The silver nanowires were
synthesized by chemical fabrication, which yields highly
crystalline nanowires with smooth surfaces.”' The wires are
deposited on an ITO glass substrate and immersed in index
matched oil n = 1.518 during the measurement.

Figure 1b shows the transmission electron microscopy
(TEM) image of an Ag nanowire of length 3.36 um and
diameter 130 nm. The shape of the nanowire ends are
shown with increased detail in the insets. The angle o and
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FIGURE 1. Polarization measurement. (a) Scheme of the experiment.
(b) TEM image of a wire of length 3.36 um and diameter 130 nm.
The scale bar in the TEM insets showing the shape of the wire ends
is 50 nm. (c) Optical image of the nanowire in a microscope under
the excitation of a 633 nm laser spot polarized along the wire. Red
arrow indicates the polarization of the laser. (d) Emission intensity
as a function of the polarizer rotation angle 0, for different incident
polarizations (o. = 0, 30, 60, 90°, 120, and 150°, respectively). The
incident polarization and the polarizer are rotated anticlockwise
relative to the wire axis, which is defined by the angle a and 6 in
the inset of (b). (e) Polarization of the emission as a function of the
incident polarization. O is the polarization angle of the emission
defined as the rotation angle of the polarizer when the emission is
the maximum. Dots are the measured data. Black curve is the
simulation result based on a cylindrical wire with the shape of both
ends shown in the inset. The linear dashed red line is drawn to guide
the eyes. (f) Maximum emission intensity from the wire as a function
of incident polarization angle.

0 correspond to the incident polarization and the rotation
of the polarizer, respectively. Both angles are rotated anti-
clockwise relative to the wire axis. In Figure 1c, a bright
emission spot can be observed following excitation of SPPs
from the incident wire end. Figure 1d shows the intensity
of the wire emission as a function of the rotation of the
polarizer. It is clear that nanowire emission as a function of
incident polarization angle is almost always linearly polar-
ized. Hence, the direction of the emission polarization can
be defined as the angle Oy.x when the polarizer is rotated to
the emission intensity maximum. The angle Oy.x as a
function of the incident polarization is shown in Figure 1e.
Here we observe that the emission polarization is propor-
tional to the incident polarization, which means that the
nanowire SPPs in this case are polarization-maintaining. In
this nanowire, parallel incident polarization (o = 0°) results
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FIGURE 2. Polarization of emitted light from nanowires. (a) Scanning
electron microscopy image of a wire of length 4.54 ym and diameter
148 nm. The scale bar in the insets showing the wire ends is 100
nm. The incident polarization and the polarizer are rotated anti-
clockwise relative to the wire axis. Inset below: optical image of the
wire excited by a parallel polarized 633 nm laser spot at the left end
resulting in light emission from the other end of the wire. The red
arrow indicates the polarization of the laser. (b) Polarization of the
emission as a function of the incident polarization. Oy, is the
polarization angle of the emitted light. Dots are the measured data.
Black curve is the simulation result based on a cylindrical wire with
the shape of both terminations shown in the inset. The linear red
line is drawn to guide the eyes. (c) Maximum emission intensity from
the wire under different the incident polarizations.

in a 2.5 times larger emission intensity than in the case of
perpendicular incident polarization (o = 90°) (Figure 1f).

The result for another wire is shown in Figure 2. The wire
has a similar length (4.54 um) and diameter (148 nm) to the
one in Figure 1b, but has different end shapes (see the
scanning electron microscopy images in Figure 2a). As
shown in Figure 2b, the polarization of the emitted light still
depends on the incident polarization. Interestingly, Oyax
decreases as the incident polarization a increases, which is
opposite to the case in Figure 1. The emission intensity
under different excitation polarizations is shown in Figure
2c. Here, parallel excitation results in ~9 times stronger wire
emission than for the perpendicular case.

To understand the polarization rotation properties of
these nanowires, we performed electromagnetic calculations
using finite element method (FEM)-based commercial soft-
ware (COMSOL). We simulated nanowires with the same
length and diameter as those in our experiment, successfully
reproducing the measured results. This is shown by the black
curves in Figures 1e and 2b, where the shapes of the ends
of the simulated nanowires are shown in the inset. The
terminations of chemically synthesized crystalline nanow-
ires usually have five {111} facets.”" Although we cannot
precisely reconstruct the shape of the nanowire ends with
high accuracy from electron microscopy images, simulations
indeed confirm that within a certain range of wire lengths,
it is the shape of the nanowire terminations and not the
length of the nanowire that determines the polarization of
the emitted light. All the termination shapes used in the
simulations presented in this paper are consistent with the
SEM images.
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FIGURE 3. SPPs modes in wires with flat terminations. (a) Charge
distribution on the surface of a wire of the length 3.36 um and
diameter 130 nm with flat ends. The left end is excited by a 633 nm
focused beam with polarization parallel and perpendicular to the
wire, respectively. Colors from red to blue represent charges from
positive to negative. (b) The resultant spatial distribution of the
emission intensity on a sphere enclosing the wire end excited by
the parallel incident polarization. Colors and black lines represent
the intensity and the polarization of the emission on the sphere. (c)
Emission polarization from the wire excited under the parallel
polarized excitation. (d) The in-coupling efficiency C for two SPPs
modes (black curve for m = 0 mode, red curve for m = 1 mode) as
a function of the wire diameter. (e) The 1/e damping length r of both
modes as a function of the wire diameter.

To illustrate the relation between the emission polar-
ization and the shape of the nanowire termination, we
first consider a cylindrical nanowire with flat ends. Figure
3a shows the charge distribution on the surface of a
cylindrical wire with excitation at the left end of the
nanostructure. For parallel incident polarization, the fun-
damental m = 0 SPP mode is excited in the wire. For a
given position along the wire, the charge density associ-
ated with this mode is uniform around the azimuth of the
wire. The resulting spatial distribution of the emission
intensity on a sphere enclosing the wire end is shown in
Figure 3b (enlarged view in Supporting Information). The
m = 0 mode will result in parallel polarized emission from
the right termination, shown in Figure 3c. For perpen-
dicular incident polarization, a transverse charge oscilla-
tion is excited, corresponding to the m = 1 wire SPP
mode. For a given position along the nanowire, the charge
density distribution associated with this mode has two
nodes around the nanowire azimuth, resulting in a per-
pendicularly polarized wire emission (not shown). For
arbitrary incident polarization, both modes can be excited
in the wire, and the polarization of the emitted light is
determined by a superposition of emission from the m =
0 and m =1 SPP modes. Hence, in any specific nanowire,
the polarization of the emitted light is dependent on the
relative in-coupling efficiency to the SPP modes and on
the damping rate of each mode. By calculating the energy
flow of the SPPs excited by the parallel and perpendicular
polarization, we fit an exponentially damped energy flow
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with the formula Ce™", where C is the coupling efficiency
and r is the 1/e damping length of an SPP, respectively,
where x is the distance from the excitation end. For
nanowires with diameters D larger than 120 nm, the in-
coupling efficiency for the m = 0 mode decreases mono-
tonically with increasing D, a result which also has been
found by other groups in studies of the coupled dipole-
wire system.’?>> The in-coupling efficiency for the m =
1 mode (red curve) peaks at D = 120 nm and then
decreases with decreasing D. This decrease in the coupling
for thin wires is caused by the effective cut off of the m =
1 modes for thin wires where their effective mode volume
becomes much larger than the nanowire.”” The 1/e damp-
ing length increases monotonically with increasing D for
both the m = 0 and m = 1 modes due to less dissipation
for thicker metallic nanowires.?> The damping length of
the m = 1 mode increases more rapidly than the m = 0
mode (Figure 3e). For wires with D < 160 nm, the m = 0
mode is less damped than the m = 1 mode. For this
reason, excitation with parallel polarization will result in
stronger light emission than excitation with perpendicular
polarization as shown in Figure 2c. This polarization-
dependent difference in emission intensity that favors the
parallel mode is the reason for the nonlinear input—output
polarization characteristic shown in Figure 2b. It is im-
portant to note that when D is 160 nm or larger, the 1/e
damping lengths of both m = 0 and m = 1 modes are of
the order of several micrometers. This means that for
thick nanowires differing in lengths by several hundreds
of nanometers, the relative intensities of the m = 0 and
m =1 SPP modes will be nearly the same, thus preserving
the emission polarization.

The specific shape of the excitation end of the nano-
wire determines the relative intensity of the two SPP
propagating modes, thus strongly affecting the emission
polarization. For nanowires with an arbitrary termination
shape, both plasmon modes can be excited for arbitrary
polarizations. Figure 4a shows a three-dimensional (3D)
view of the calculated charge distribution on the surface
of a cylindrical nanowire with a 25° side-cut incident end
excited by parallel polarized light. The charge plot shows
that the resulting mode is a superposition of both m =0
and m = 1 modes. The polarization of the emitted light is
~60° (shown in Figure 4b). Conversely, the shape of the
emission end also influences the polarization of the
emitted light. In Figure 4c, a wire with a flat incident end
and a 60° side-cut emission end is excited by parallel
polarized light. Just as shown in Figure 3a, only the m =
0 wire SPP mode is excited. Because of the asymmetric
shape of the emission end, the spatial distribution of the
emission intensity is asymmetric (enlarged view of Figure
4c in Supporting Information). The polarization of the
emission is changed to —45° as shown in Figure 4d,
rather than parallel to the wire axis. Further theoretical
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FIGURE 4. The effect of the termination shape of nanowires on the
emission polarization. (a) A 3D view of the charge distribution on
the wire surface under the excitation of a parallel polarized beam
of wavelength 633 nm. The wire of the length 3.36 um and diameter
130 nm has a 25° side-cut incident end and a flat emission end as
shown in the inset. Colors from red to blue represent charges from
positive to negative. (b) Polarization of the emission from the wire
in (a) under the parallel polarized excitation. (c) Spatial distribution
of the emission intensity on a sphere enclosing the wire end. The
cylindrical wire has a flat incident end and a 60° side-cut emission
end. The m = 0 mode is excited in the wire by a parallel polarized
633 nm laser at the left end. Colors and black lines represent the
intensity and the polarization of the emission on the sphere. (d)
Emission polarization from the wire in (c) excited under the parallel
polarized excitation.

investigation on the emission polarization from wires with
various shapes will be presented in a future study.

As demonstrated above, by modifying the shape of the
incident wire end, one can control the relative intensities of
the two SPP modes launched in the wire. The light emission
characteristics will depend both on the relative intensities
of the m = 0 and m = 1 modes reaching the emission end
and on the shape of the emission wire terminus. Because of
the mode-specific damping lengths of the SPPs, the proper-
ties of the emission polarization can depend on the wire
diameter and for long wires, the wire length (Figure S4 in
Supporting Information).

The present study clearly revealed that the major factor
influencing the light emission polarization is the shape of
the wire terminations. Although chemically synthesized
crystalline nanowires usually has five {111} facets,’
these facets are sometimes not identical, which leads to
nanowire terminations of various multifaceted shapes. As
a consequence, the emission polarization properties of
each nanowire will depend on its particular shape. An
extensive investigation of tens of nanowires (a few are
presented in the Supporting Information) shows that most
of them have emission polarization characteristics that
either correlates positively with the incidence polarization
(Figure 1 and Supporting Information Figure S2) or cor-
relates negatively (Figure 2). In rare instances, the emis-
sion polarization depends on the incidence polarization
in more complex way (Supporting Information Figure S3).
To manipulate the polarization of the nanowire emission,
we envision that one could reshape the nanowire termi-
nations to desired shapes by techniques such as focused
ion or electron beam milling. It is important to note that
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by controlling the shape of the nanowire terminations it
will be possible to selectively fabricate polarization-
maintaining or polarization-changing plasmonic waveguides
in a controlled manner.

In conclusion, we have investigated the correlation
between the incident and emission polarization in plas-
monic Ag nanowire waveguides. By combining experi-
ments and simulations, we find that the polarization
change depends only slightly on the diameter and length
of the wire, but sensitively on the shape of the wire
terminations. The shape of incident nanowire end influ-
ences the strength of the SPP modes excited on the
nanowire, while the shape of the emission end affects the
intensity distribution and polarization of the emitted light.
Hence, the polarization and intensity of the nanowire
emission can be manipulated by modifying the shape of
the nanowire termination. A polarization controllable
nanoscale plasmonic waveguide may be useful in applica-
tions in nanophotonics,*'? such as chip-to-chip intercon-
nects, or in specific applications, such as quantum cryp-
tography.**
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