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e nee e system excited by the evanescent
I wave
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As an important plasmon one-dimensional material, orientation- and polarization-dependent
properties of single Ag nanowires/glass substrate system are investigated by a powerful platform
consisting of evanescent wave excitation, near-/far-field detection and a micromanipulator. In the
case of the nanowire perpendicular or parallel to the incident plane and p- ors-polarized evanescent
excitation respectively, optical properties of the nanowire is measured both in far-field and near-field.
For the perpendicular situation, scattering light from the nanowire shows strong dependence on the
polarization of incident light, and period patterns along the nanowire are observed both in the near-
and far-field. The chain of dipole model is used to explain the origin of this pattern. The discrepancy

of the period patterns observed in the near- and far-field is due to the different resolution of the near-
and far-field detection. For the parallel case, light intensity from the output end also depends on the
incident polarization. Both experimental and calculation results show that the polarization dependence
effect results from the surface plasmon excitation. These results on the orientation- and polarization-
dependent properties of the Ag nanowires detected by the combination of near- and far-field methods
would be helpful to understand interactions of one-dimensional plasmonic nanostructures with light.

The combination of optics and nanotechnology reveals a new way to enter the nano optical world!->. Based on the
effects of surface plasmon polaritons (SPPs) and localized surface plasmons (LSPs),optical devices can be reduced
from microns to nanometer scale®. Such plasmonic devices are able to confine light energy into nanoscale with
high spatial localization and the density of state'®#, which have not been done so well by other systems until
now’>. Among a variety of plasmonic elements, one-dimensional nanowires have attracted great interest due to
their unique properties and wide potential applications in nano antennas!'®~'8, sub-wavelength waveguides!*-%,
and high-resolution imaging??*. It has been noted that these properties and applications are closely related to the
polarization of light and a lot of related work has been reported recently. It was found that dipole and high-order
surface plasmon resonant modes along the single nanowire can be tuned by changing the incident polarization®.
Different SPP propagation modes were demonstrated in the case of different detection polarizations when it is
excited on the nanowire?”?%. Ag nanowire array grown on the grating shows distinguishing diffraction spectra
with different polarized illumination light, showing potential applications in refractive index measurement and
bio-sensing®.

For most experimental studies, nanowires under the investigation are generally prepared by using chemically
synthesized methods, which are then deposited onto a substrate. Such samples consist of a large number of nano-
wires with arbitrary orientations. In this case, it is unable to detect optical properties of a single nanowire when
they interact with light at the nanometer scale. In addition, the far-filed arrangements for the nanowire excitation
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Figure 1. The schematic of experimental setups. Inserted is the SEM photograph of chemically synthesized
Ag nanowires.

are widely used. Sanders et al. demonstrated that the single Ag nanowire can guide and fan out light when it is
excited at one end by the far-field method*. Miljkovic et al. studied the near-field and far-field properties of the
Ag nanowire theoretically and their results are in agreement with the experimental noes well®.. In the published
papers above, the far-field excitation at the one end of nanowires are mostly realized with an objective lens. In
the case, the scattering light from the excitation spot may interference with the collecting light*2. Furthermore,
the scattering properties by the whole nanowire are unable to be explored by the objective lens-based excitation
method due to the strong background scattering light and weak signal from the single nanowires. Fortunately,
an evanescent wave generated by the fiber taper or internal total reflection is an effective way for excitation with-
out the strong background. For the fiber taper, light scattered from the distal end of a fiber can provide a broad
distribution of wave vector, including the evanescent ones, which offer the needed wave vectors to match the
momentum of photons and SPPs. Recently Gu et al. excited the Ag and Au nanowires evanescently by the fiber
taper with a high technical operation and highly efficient coupling of light from fiber taper to nanowire has
been obtained®. For internal total reflection, when the incident angle of light is larger than the critical angle
(0= sin"'(1/ny,)), nanowires placed on the surface can be excited by the evanescent wave. In fact, both the fiber
taper and the internal total reflection provide a background-free excitation. Although the fiber taper configura-
tion has the advantage of a high integrated level and miniaturized size, the internal total reflection are used in
our present experimental setup for easy combination with a SNOM to image with a high resolution and with a
micromanipulator to control the position and orientation of the single nanowire. Obviously, such the experimen-
tal setup combined with evanescent wave excitation, near-/far-field detection and a micromanipulator is a more
appropriate choice for the investigation of the single nanowire.

Herein, we present orientation- and polarization-dependent properties of a single Ag nanowire measured
by means of the combined experimental setup. The Ag nanowires are produced by a wet chemical method and a
selected single nanowire is placed on a glass substrate using the micromanipulator (MMO-202ND, Narishige).
When the nanowire orients perpendicular to the incident plane of light, the optical intensity due to scattering of
the nanowire is detected by far-and near-field optical techniques®*** as it is excited by the p-or s-polarized eva-
nescent wave produced by the Dove prism. Periodic patterns along the nanowire axis are observed both in the
far- and near-field regions. A chain of dipole oscillation model is used to explain the origin of the patterns. As
the nanowire is parallel to the incident plane, the emitting light intensity from the distal ends of the nanowire as
a function of the polarization state of incident light is measured. Intensity distribution obtained in the near-field
region is analyzed both experimentally and theoretically. The work demonstrates that the experimental setup with
multi-functionality of the micro manipulating for orientation controlling, the Dove prism-based evanescent wave
excitation and far-/near-field detection, is an effective means to investigate properties of the single nanowire. The
obtained results would be helpful to a deeper understanding of nanowire properties for applications in nanoscale
optical devices.

Results

The schematic of the experimental setup is shown in Fig. 1. The incident light with wavelength of 632.8 nm,pass-
ing through a polarizer for polarization controlling, goes into the Dove prism. The choice of this wavelength is
because Ag has relatively lowpropagation loss at 632.8 nm?, and the light of this wavelength is commonly used for
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surface enhanced Raman scattering (SERS)when excited remotely with Ag nanowires®”%. The evanescent wave
is then generated on the upper surface of the Dove prism due to the internal total reflection. The whole nanowire
is simultaneously excited by the evanescent wave, because of the incident light spot size on the prism surface
much larger than the nanowire length. The optical microscope (OM) and the scanning near-filed optical micro-
scope (SNOM) are combined for far-and near-field detection. A super long working distance objective lens(50X,
N.A.=0.5)is used to collect the far field signal while a tapered fiber tip coated with gold film (Super Sensor) is
used to measure the near-field one. The diameter of the hole on the tip is measured to be ~200 nm, which means
that resolution of the SNOM is ~200 nm (higher than the diffraction limit of 316.4 nm because it is mainly deter-
mined by the hole size when the tip is close to the sample surface.

Perpendicular Situation.  The polarization property of the single Ag nanowire was firstly investigated when
the nanowire axis is perpendicular to the incident plane oflight (Fig. 1).The length and diameter of this nanowire
is 37.6 um and ~300 nm, respectively. Typical images of the nanowire observed by the OM in two different polar-
izations are shown in Fig. 2.

In the condition of the p-polarized excitation, the observed intensity distribution of the nanowire is markedly
different when the polarization direction of analyzer is changed. When the polarization direction of analyzer (the
yellow arrow) is consistence with that of incident light, periodic pattern with average period of 2.99 pm can be
clearly seen, as shown in Fig. 2a, implying that the radiating light of the period pattern is in the p-polarized state.
When the polarization direction of the analyzer is perpendicular to that of incident light, two bright spots can
clearly be observed from two ends of the nanowire while the rest of the nanowire is invisible, as given in Fig. 2b.

In the case of the s-polarized excitation, the light polarization state of the nanowire is also detected when the
polarization direction of analyzer is changed. As the polarization direction of the analyzer is perpendicular to
that of the incident light, only two ends of the nanowire give out light while the rest of the nanowire is lightless, as
shown in Fig. 2c. By keeping consistence of the analyzer polarization direction and the incident light, the whole
nanowire structure is bright and no obvious optical pattern can be observed, in Fig. 2d. Above results shown in
Fig. 2 reveal that the light from the nanowire is strongly polarization-dependent while the light from two ends of
the nanowire is insensitive to polarization.

In order to explore the origin of the periodic pattern, far- and near-field measurements of the same Ag nano-
wire were performed. Figure 3a—c show three images taken in the reflection mode, p-polarized and s-polarized
excitation without the analyzer, respectively. As the previous results shown in Fig. 2, the period pattern can be
clearly seen in Fig. 3b. The near-field images were then captured in the selected area marked by the white dashed
box in Fig. 3a-c with the scan size of 7 x 7pm? Figure 3d shows the topographic image of the nanowire, from
which the diameter of the nanowire was reconfirmed to be 300 nm. Figure 3e shows the near-field image of the
nanowire illuminated by the p-polarized light and periodic pattern can also be seen in the near-field region. The
average period is 0.98 um, which is 1/3 of the period measured in the far field region in Fig. 3b. When the excitation
light is in s-polarized state, no obvious periodic pattern can be resolved in the near-field region, as shown in Fig. 3f.

Parallel Situation. Propagation property of another single Ag nanowire was studied when the nanowire was
positioned in the incident plane by the micromanipulator devices. The Ag nanowire was excited by the evanescent
field produced on the up surface of the dove prism. Optical images of the Ag nanowire can be seen through the
OM and light intensity value can be read out from a selected area in the CCD equipped on the OM. In the experi-
ment, the circle area of 2 pm in diameter around the output end of the nanowire is selected and shown in Fig. 4(a).
When the polarization angle of the incident light was changed, light intensity from the output end was recorded
simultaneously, giving relationship between light intensity from the output end and incident polarization angle.
Figure 4a shows the reflected image of the nanowire with the length of 9.78 um. The wave vector of the incident
light is represented by the white arrow. The light intensity from the distal end of the nanowire was measured. It is
found that the light intensity changes periodically with incident polarization directions. When the polarization
angle is at 0° with respect to p-polarization (E-field component of the excitation light in the incident plane), the
collected light intensity has a maximum value, and the distal end of the nanowire is bright, as shown in Fig. 4b.
While the polarization angle is at 90°, corresponding to s-polarization(E-field component perpendicular to the
incident plane), the collected light intensity has a minimum value, and the distal end of the nanowire becomes
dim, as shown in Fig. 4c.The intensity curve as a function of the polarization angle is given in Fig. 4, showing that
the light intensity has a strong polarization dependence of incident light.

The near-field measurements at the region around the distal end of the nanowire were performed for more
details. As shown in Fig. 5a, the selected area of 2.5 x 2.5 pm? is marked by the white box and the wave vector
of the incident light is indicated by red arrows. Figure 5b gives a typical topographic image of the nanowire.
Corresponding near-field optical images excited by the p- and s-polarized light are shown in Fig. 5¢,d, respec-
tively. In Fig. 5¢, periodic pattern along the nanowire is clearly observed and the average period is measured to
be 196.5nm. A bright spot appears at the distal end of the nanowire in Fig. 5¢, while only a smaller bright spot
remains at the same position in Fig. 5d.

This periodic pattern results from standing wave due to SPP interference, which will be discussed below. Here,
it should be mentioned that the phase change reflected by the end face is of importance for plasmonic waveguides,
which can be retrieved from the pattern in Fig. 5 cand based on the equation ¢ = (7 —kgppl),where kgpp is wave
number of SPP and [ is the distance between the first standing wave anti node and the nanowire end face. In the
present experiment, the phase change of SPP in the end face is estimated to be 61.7°. Thus, the near field optical
image provides a direct method to obtain the phase change comparing to the reported method®.
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Figure 2. Polarization images of the Ag nanowire. Yellow arrows indicate the polarization direction of the
analyzer and red arrows indicate the wave vector and polarization state of the incident light. (a,b) are p- and
s-polarized images when the nanowire is excited by the p-polarized light. (c,d)are p- and s-polarized images
when the nanowire is excited by the s-polarized light. The scale bar in (a) is 10 pm.

Discussion

When the nanowire is placed perpendicular to the incident plane, the light intensity (Fig. 2) measured by the
far-field optical microscope equipped CCD involves the scattering and absorption (i.e. extinction). As the nano-
wire is excited by the evanescent wave, the scattered light is collected by the objective lens with a maximum angle
of 60°.The scattering and absorption of evanescent waves by small spherical particles has been studied in the
framework of generalized Mie theory**~*2. It was reported that the scattering cross-sections of spherical particles
is larger for p-polarized evanescent waves than for s-polarized ones. A polarization dependence of scattering and
extinction of evanescent waves by spherical particles was shown. It was pointed out that contributions of higher
multipoles are greatly enhanced in the scattering spectra due to the lager gradient of the intensity of evanes-
cent wave perpendicular to the surface. In particularly, the enhancements of higher multipoles get more obvious
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Figure 3. (a) Reflected image of the Ag nanowire. (b,c) Dark field images of the nanowire excited by the

p-and s-polarized light, respectively. The scale bar in (a) is 16 pm. (d) Topographic image of a section of the
nanowire,where the scale bar is 2 pm. (e,f) Near-field light intensity distribution of the nanowire, captured in the
selected area marked by the white dash box in (a).
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Figure 4. Light intensity against the polarizationstate of incident light. (a) the bright field image of the Ag
nanowires. The white arrow in (a) indicates the wave vectors of the incident light. (b,c) the scattering image of
the Ag nanowires excited by p- ands-polarized light, respectively. In order to show the position of the nanowire,
the white light is also on in (b,c). Scale bar in (a) is 2.5pum.

SCIENTIFICREPORTS [6:25633 | DOI: 10.1038/srep25633 5



www.nature.com/scientificreports/

wuy JYS1H

3400

3200-

3000-

2800-

Light Intensity /Arb. Unit
U "qIV/ AISuuT W3S T

Figure 5. (a) Bright field image of the Ag nanowire excited by the p-polarized incident light. Scale bar is 5 pm.
(b) Topography image of the exit end of the Ag nanowire. (c,d) Near-field light intensity distribution of the Ag
nanowire when it is excited by the p-and s-polarized light respectively. Scale bar is (b) is 500 nm.

when surface plasmon resonances of metallic particles are excited by p-polarized evanescent wave. For example,
enhanced higher multipoles of Ag particles with a diameter of 400 nm were observed in this case, which make
a contribution to the visible spectra. In addition, the presence of the substrate surface also changes the angular
intensity distribution in the far-field due to the effect of multiple scattering at surface. This effect becomes strong-
est when the particle is in contact with the surface*.

Such properties of spherical particles can also be sustained by metal structures of cylinder-like geometry with
cross section sizes smaller than the wavelength of the exciting light and a quasi-infinite extension along the sym-
metry axis, i.e. nanowires. The significant difference between them is that spherical geometry allows polarization
independent plasmon excitation, while plasmon resonances in nanowires can only be excited by an electric field
oriented perpendicularly to the wire axis, because only this direction is a spatial confinement of the electrons
provided by the interface of the nanowire and the adjacent medium. In brief the strength of scattering depends on
the polarization of the incident wave, plasmon resonances and the presence of the substrate.

Based on the discussion above, the results in Fig. 2 can simply be explained. Owing to strong scattering, the
nanowire on the glass substrate is able to convert partially the evanescent to radiative waves, which is detectable
in the far field. By comparing Fig. 2a,c with Fig. 2b,d, it is evident that the light scattering of the evanescent wave
depends strongly on the polarization direction of the incident light. In the case the nanowire could be regarded
as a linear polarizer or a light source, which can be turned on and off with changing the polarization direction of
the incident light.

Surface plasmon resonances can be excited in the case of p-polarized evanescent wave. However, due to the
limitation of the present experiment setup, we cannot measure the scattering spectra and discuss the contribution
of surface plasmon resonances to the scattering. From the reported resultit is known that the surface plasmon
resonances in the visible light band can be excited on the Ag nanowire of 300 nm in diameter**. If this result is
valid for the present measurement, the scattering light should be influenced by the surface plasmon resonance.

It should be mentioned that the patterns observed both in the far-field (Fig. 2a) and near-field (Fig. 3e) are
interesting phenomena. To understand the origins of the periodic pattern, the oscillating dipole model is consid-
ered®. Instead of a single dipole, a chain of dipoles placed one by one on the glass/air interface is used to simulate
the case (see Figure S1 in the Supplementary Information). Under the p-polarized excitation, we consider a series
of dipoles oscillating in the substrate surface. Their orientation is parallel with each other and these dipoles oscil-
late with the same frequency and phase. The construction and deconstruction of light from the each dipole source
forms the period pattern (see Figure S1b in the Supplementary Information). Under the s-polarized excitation,
as the incident polarization state is along the nanowire, we consider another case that a series of dipoles is placed
end to end. No obvious period pattern can be seen under this configuration. Although the exact period patterns
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Figure 6. (a,b) Calculated near-field E, distribution on the nanowire when it is excited by the p-and s-polarized
light, respectively. White arrows indicate the wave vector of the incident light.

depend on the geometric parameters, there is a striking similarity between the simulated periodic patterns and
the experimental ones shown in Figs 2a and 3e. This model helps us to explain the situation in the Ag nanowire.
Under the p-polarized light, the E-field component oscillates in the incident plane. At this case, the cross section
of the nanowire can be seen a nanosphere, and surface plasmon mode can be excited on the perpendicular direc-
tion. This is one origins for the dipole source.

The difference between the pattern periods observed in the near-field and far-field is due to the difference
between the resolutions of the SNOM and the OM. As mentioned previously, the resolution of the SNOM is
~200nm and that of the optical microscope is ideally 770 nm for the illumination light of ~632.8 nm and NA of
0.5. Obviously, the SNOM with higher resolution is able to provide finer and richer optical information. One of
the important issues we have to do would focus on exploiting the complementary information among the two dif-
ferent methods to further study the optical properties of the nanowires excited by evanescent waves. In addition,
polarization-independence of the light from the distal end might be due to the curved geometric boundary and
the surface plasmon resonances, which would make the scattered light insensitive to polarization®.

When the orientation of nanowire is moved parallel to the incident plane, light is just scattered by the distal
end. Periodic pattern along the nanowire can be resolved in the near-field region, which can be explained as
SPP excitation. It is well known that SPP modes at the metal/insulator interface can only be excited by the TM
polarization light (p-polarization)*, and the wavelength of SPP is smaller than that of the excitation light*8. When
the nanowire is placed in the evanescent wave produced by the p-polarized light, SPP is excited. The forward
SPP wave and the backward one reflected by the distal end interfere with each other, forming the standing wave
(Fig. 5¢). We also performed near-field calculation of E, intensity in XY plane using finite difference time domain
(FDTD) method. The configuration in the simulation is the same as that in the experiment. Figure 6a,b show
the calculated results when the nanowire is excited by the p- and s-polarized light, respectively. The calculated
results confirm that only p-polarized light can excite the periodic pattern on the nanowire. Furthermore, from
Fig. 5¢, the wavelength of the interference pattern is estimated to be 393 nm, smaller than that of the incident light
(633 nm). These results above indicate that the period pattern originates from SPP excitation.

The propagation mode of SPP is also analyzed. Figure 7c shows the theoretical dispersion curve of SPP prop-
agation mode along the interface of Ag/glass. The wavelength of SPP has been measured from Fig. 5¢ and thus
the “dispersion data” of the Ag nanowire/glass substrate can be obtained (red dot in Fig. 7c). It is found that the
dispersion data is just located on the dispersion curve of Ag/glass interface, indicating that the electromagnetic
energy is transported between the Ag nanowire and the glass substrate. The distribution of light intensity in XZ
and YZ plane was also simulated by FDTD calculation. The results are given in Fig. 7a,b, where Fig. 7a shows light
intensity distribution along the nanowire in the XZ plane, and Fig. 7b is the distribution of the cross section in YZ
plane, marked by the white vertical dashed lines in Fig. 7a. The simulation results show that most of the energy
concentrates on the interface of Ag nanowire and glass substrate, further supporting our experimental results.

When SPP is excited by the evanescent wave in the p-polarized light, it propagates along the nanowire/glass
interface and scatters/emits at the distal end. The light intensity at the distal end results from the direct scat-
tering of the evanescent wave as well as SPP emission. In the s-polarized situation, however, SPP can hardly be
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Figure 7. (a,b) Calculated E-field intensity distribution of the Ag nanowire in XZ plane and YZ plane
respectively. The white solid line in (a) indicates sectional position of (b). The nanowire is excited by the
p-polarized light. (c) Dispersion relationship of photons in the glass (black solid) and SPP on the Ag/glass
interface (black dashed). Red circle represents the SPP propagation mode retrieved from the experiment.

excited and the collected intensity is only from the scattering of evanescent wave by the nanowire end. Therefore,
polarization-dependent light intensity of the distal end is due to the SPP excitation. Near-field images are able to
provide more information including SPP interference pattern. Key physical quantities can be derived from the
high-resolution SNOM images. Combination of the near- and far field methods will provide complementary
information for further understanding of these effects.

In previously published literatures, propagation mode of a supported Ag nanowire on the glass substrate has
been reported®. It is found that the dispersion curve of the nanowire is located on the right side of the dispersion
curve of the air, glass and air/glass substrate. In our experiment we found that the dispersion mode of nanowire is
located on the Ag/glass interface. As the diameter of the Ag nanowire used in our experiment is 300 nm, surface
plasmon modes on the up and bottom surface of the nanowire have less opportunity of couple with each other,
because the diameter of the nanowire is smaller compared with that in the previous literature. The propagation
mode measured in our system is decoupled.

In summary, the single Ag nanowire/glass substrate system excited by the evanescent wave demonstrates
completely different properties, depending on its orientation to the incident plane and polarization direction of
light. When placing the nanowire perpendicular to the incident plane, it works as a scatter to convert partially
the evanescent to radiate waves. The intensity of scattering light depends strongly on the polarization of the
incident light and can be turned with changing the polarization direction. If the nanowire is positioned along
the incident plane, it operates as a waveguide for SPP propagation. Near-field and simulation results reveal that
p-polarized excitation plays an important role in surface plasmons generation. The present setup can provide a
wealth of information on the nanowire’s optical properties. Future work will focus on the measurement of the
far-/near-field scattering and surface plasmon resonance spectra of one-dimensional metal materials.

Methods

The Ag nanowires are synthesized by the liquid growth method**-*!. A typical synthesis progress is as follows.
First of all, 0.05094 g AgNO3 is dissolved into 3 ml Ethylene Glycol (EG) and 0.1998 g poly(vinylpyrrolidone)
(PVP) is dissolved into another 3 ml EG solution respectively. The PVP/EG solution is stirred preheated at 70 °C
for 40 minutes to ensure the PVP is dissolved fully. Meanwhile another 5 mL EG is preheated in an oil bath pot at
160 °C for 40 minutes. Next the AgNO,/EG and PVP/EG solution is dropped into the preheated 5ml EG solution
at the same time and the dropping rate should be controlled at 0.3 ml per minute. After the dropping process is
finished, the mixture solution is stirred and react at 160 °C for 1 hour. The stir rate is controlled at no more than
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260 rpm. When the color of reaction solution becomes light gray it indicates Ag nanowires has been produced. At
last the reaction solution is centrifuged and rinsed (inserted SEM image in Fig. 1).A droplet of 2L Ag nanowire
solution is dripped onto the surface of a Dove prism and is left to dry in the ambient condition, yielding well
separated individual nanowires.

The optical microscope used here is Olympus microscope, and the collecting objective lens is the Olympus
super long distance objective lens (N.A. = 0.5, W.D. = 10.6, 50X). The near-field tip (Super Sensor™) is a tapered
fiber tip coated with gold film, and the hole on the tip is manufactured is 200 nm. The feedback of SNOM sys-
tem is the tapping mode feedback, and the sampling rate is 20 ms/point. The Dove prism (GCL-030602) is from
Daheng Optics Cooperation, the length of the up surface and the height is 42.28 cm and 10 cm, respectively. The
micromanipulator is MMO-202ND from Narishige Group Company.

In the FDTD model, the Ag nanowire is built as a cylinder capped with a hemisphere at each end. The length
and the diameter of the wire is 5.3 and 0.3 pm, respectively. And the permittivity of Ag is taken from the data of
Johnson and Christy in 1972. For the FDTD calculation parameters, the minimum cell size and the time step is set
as 2nm and 0.075 fs respectively. Besides, the boundary condition (BC) is set as perfectly matching layer (PML)
at the up and bottom surface of calculation region, periodic BC at the front and back surface, and Bloch BC at the
left and right surface, which corresponds to the input and output surface of light source.

References
1. Gramotnev, D. K. & Bozhevolnyi, S. I. Plasmonics beyond the diffraction limit. Nature Photon. 4, 83-91 (2010).
2. Maier, S. A. et al. Plasmonics-a route to nanoscale optical devices. Adv. Mater. 13, 1501-1505 (2001).
3. Schuller, J. A. et al. Plasmonics for extreme light concentration and manipulation. Nature Mater. 9, 193-204 (2010).
4. Huang, Y. Z,, Fang, Y. R. & Sun, M. T. Remote Excitation of Surface-Enhanced Raman Scattering on Single Au Nanowire with Quasi-
Spherical Termini. J. Phys. Chem. C. 115, 3558-3561 (2011).
5. Fang, Y. R. & Sun, M. T. Nanoplasmonic waveguides: towards applications in integrated nanophotonic circuits. Light: Science &
Applications 4, €294 (2015).
6. Willets, K. A. & Van Duyne, R. P. Localized surface plasmon resonance spectroscopy and sensing. Annu. Rev. Phys. Chem. 58,
267-297 (2007).
7. Barnes, W. L., Dereux, A. & Ebbesen, T. W. Surface plasmon subwavelength optics. Nature 424, 824-830 (2003).
8. Murphy, C.]. et al. Anisotropic metal nanoparticles: synthesis, assembly, and optical applications. J. Phys. Chem. B109, 13857-13870
(2005).
9. Jain, P. K., Huang, X. H., El-Sayed, I. H. & El-Sayed, M. A. Noble metals on the nanoscale: optical and photothermal properties and
some applications in imaging, sensing, biology, and medicine. Accounts. Chem. Res. 41, 1578-1586 (2008).
10. Wang, Y.]J., Cai, W, Yang, M., Liu, Z. L. & Shang, G. Y. The simulation study of the plasmonic coupling effect for the Ag nanoparticle-
nanowire structure. J. Korean Phys. Soc. 66, 261-265 (2015).
11. Cai, W, Yang, M., Wang, Y. J. & Shang, G. Y. Piezoelectric bimorph-based shear force microscopy for the construction of noble metal
plasmonic structures in air. Materials Research Express 2, 075701 (2015).
12. Sun, M. T. et al. Remotely excited Raman optical activity using chiral plasmon propagation in Ag nanowires. Light: Science &
Applications 2, e112 (2013).
13. Huang, Y. Z., Fang, Y. R., Zhang, Z. L., Zhu, L. & Sun, M. T. Nanowire-supported plasmonic waveguide for remote excitation of
surface-enhanced Raman scattering. Light: Science & Applications 3, €199 (2014).
14. Zhang, Z. L., Fang, Y. R., Wang, W. H., Chen, L. & Sun, M. T. Propagating surface plasmon polaritons: towards applications for
remote-excitation surface catalytic reactions. Advanced Science, 3, 1500215 (2016).
15. Pile, D. Perspective on plasmonics. Nature Photon. 6, 714-715 (2012).
16. Dorfmueller, J. et al. Plasmonic nanowire antennas: experiment, simulation, and theory. Nano. Lett. 10, 3596-3603 (2010).
17. Rossouw, D., Couillard, M., Vickery, J., Kumacheva, E. & Botton, G. A. Multipolar plasmonic resonances in silver nanowire antennas
imaged with a subnanometer electron probe. Nano. Lett. 11, 1499-1504 (2011).
18. Gu, F. X,, Zhang, L., Zhu, Y. B. & Zeng, H. P. Free-space coupling of nanoantennas and whispering-gallery microcavities with
narrowed linewidth and enhanced sensitivity. Laser & Photonics Reviews 9, 682-688 (2015).
19. Dionne, J. A., Sweatlock, L. A., Atwater, H. A. & Polman, A. Plasmon slot waveguides: towards chip-scale propagation with
subwavelength-scale localization. Phys. Rev. B73, 035407 (2006).
20. Bozhevolnyi, S. I, Volkov, V. S., Devaux, E., Laluet, ]. Y. & Ebbesen, T. W. Channel plasmon subwavelength waveguide components
including interferometers and ring resonators. Nature 440, 508-511 (2006).
21. Zia, R, Selker, M. D,, Catrysse, P. B. & Brongersma, M. L. Geometries and materials for subwavelength surface plasmon modes. J.
Opt. Soc. Am. A21, 2442-2446 (2004).
22. Maier, S. A., Kik, P. G. & Atwater, H. A. Observation of coupled plasmon-polariton modes in Au nanoparticle chain waveguides of
different lengths: estimation of waveguide loss. Appl. Phys. Lett. 81,1714-1716 (2002).
23. Gu, E X. et al. Single-crystal Pd and its alloy nanowires for plasmon propagation and highly sensitive hydrogen detection. Advanced
Optical Materials 2, 189-196 (2014).
24. Fujita, Y. et al. A silver nanowire-based tip suitable for STM tip-enhanced Raman scattering. Chem. Commun. 50, 9839-9841 (2014).
25. Burt, D. P, Wilson, N. R., Weaver, J. M. R., Dobson, P. S. & Macpherson, J. V. Nanowire probes for high resolution combined
scanning electrochemical microscopy — atomic force microscopy. Nano. Lett. 5, 639-643 (2005).
26. Fu, M. et al. Tunable plasmon modes in single silver nanowire optical antennas characterized by far-field microscope polarization
spectroscopy. Nanoscale 6, 9192-9197 (2014).
27. Venugopalan, P, Zhang, Q., Li, X. & Gu, M. Polarization-sensitive characterization of the propagating plasmonic modes in silver
nanowire waveguide on a glass substrate with a scanning near-field optical microscope. Opt. Express 21, 15247-15252 (2013).
28. Song, M., Chen, G,, Liu, Y., Wu, E. & Zeng, H. P. Polarization properties of surface plasmon enhanced photoluminescence from a
single Ag nanowire. Opt. Express 20, 22290-22297 (2012).
29. Goel, P, Singh, K. & Singh, J. Polarization dependent diffraction from anisotropic Ag nanorods grown on DVD grating templates by
oblique angle deposition. RSC Adv. 4, 11130-11135 (2014).
30. Sanders, A. W. et al. Observation of plasmon propagation, redirection, and fan-out in silver nanowires. Nano. Lett. 6, 1822-1826
(2006).
31. Miljkovi¢, V. D., Shegai, T., Johansson, P. & Kall, M. Simulating light scattering from supported plasmonic nanowires. Opt. Express
20, 10816-10826 (2012).
32. Wild, B. et al. Propagation lengths and group velocities of plasmons in chemically synthesized gold and silver nanowires. ACS nano
6,472-482 (2012).
33. Gu, E X,, Zeng, H. P, Tong, L. M. & Zhuang, S. L. Metal single-nanowire plasmonic sensors. Opt. Lett. 38, 1826-1828 (2013).

SCIENTIFICREPORTS | 6:25633 | DOI: 10.1038/srep25633 9



www.nature.com/scientificreports/

34. Weeber, J. C. et al. Near-field characterization of Bragg mirrors engraved in surface plasmon waveguides. Phys. Rev. B70, 235406
(2004).

35. Weeber, J. C., Lacroute, Y. & Dereux, A. Optical near-field distributions of surface plasmon waveguide modes. Phys. Rev. B68,
115401 (2003).

36. Ma, Y. et al. Direct measurement of propagation losses in silver nanowires. Opt. Lett. 35, 1160-1162 (2010).

37. Hutchison, J. A. et al. Subdiffraction limited, remote excitation of surface enhanced Raman scattering. Nano. Lett. 9, 995-1001
(2009).

38. Fang, Y. R., Wei, H., Hao, E, Nordlander, P. & Xu, H. X. Remote-excitation surface-enhanced Raman scattering using propagating
Ag nanowire plasmons. Nano. Lett. 9, 2049-2053 (2009).

39. Gruber, C. et al. Imaging nanowire plasmon modes with two-photon polymerization. Appl. Phys. Lett. 106, 081101 (2015).

40. Chew, H., Wang, D. & Kerker, M. Elastic scattering of evanescent electromagnetic waves. Appl. Optics. 18, 2679-2687 (1979).

41. Quinten, M., Pack, A. & Wannemacher, R. Scattering and extinction of evanescent waves by small particles. Applied Physics B: Lasers
and Optics 68, 87-92 (1999).

42. Wannemacher, R., Pack, A. & Quinten, M. Resonant absorption and scattering in evanescent fields. Applied Physics B: Lasers and
Optics 68, 225-232 (1999).

43. Wannemacher, R., Quinten, M. & Pack, A. Evanescent-wave scattering in near-field optical microscopy. Journal of microscopy 194,
260-264 (1999).

44. Tao, A., Sinsermsuksakul, P. & Yang, P. Polyhedral silver nanocrystals with distinct scattering signatures. Angewandte Chemie
International Edition 45, 4597-4601 (2006).

45. Timur, S. et al. Unidirectional broadband light emission from supported plasmonic nanowires. Nano. Lett. 11, 706-711 (2011).

46. Cheng, C. W. et al. Wide-angle polarization independent infrared broadband absorbers based on metallic multi-sized disk arrays.
Opt. Express 20, 10376-10381 (2012).

47. Maier, S. A. Plasmonics: fundamentals and applications. 122-132 (Springer, 2007).

48. Ditlbacher, H. et al. Silver nanowires as surface plasmon resonators. Phys. Rev. Lett. 95, 257403 (2005).

49. Sun, Y. G,, Yin, Y. D,, Mayers, B. T., Herricks, T. & Xia, Y. N. Uniform silver nanowires synthesis by reducing AgNO; with ethylene
glycol in the presence of seeds and poly (vinyl pyrrolidone). Chem. Mater. 14, 4736-4745 (2002).

50. Sun, Y. G., Mayers, B., Herricks, T. & Xia, Y. N. Polyol synthesis of uniform silver nanowires: a plausible growth mechanism and the
supporting evidence. Nano. Lett. 3, 955-960 (2003).

51. Sun, Y. G. Silver nanowires-unique templates for functional nanostructures. Nanoscale 2, 1626-1642 (2010).

Acknowledgements

This work is funded by the China National Key Basic Research Program 973 (Grant No. 2013CB934004), the
National Natural Science Foundation of China (Grant Nos 11232013, 11304006, 91436102 and 11374353), and
the Fundamental Research Funds for the Central Universities (Grant No. YWF-13-D2-XX-14).

Author Contributions
G.S. and M.S. supervised the project. M.Y. and W.C. designed the experiments, M.Y. did the near-field optical
experiment, and Y.W. performed the FDTD simulation. M.Y. and Y.W. analyzed data and wrote the paper.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Yang, M. et al. Orientation-and polarization-dependent optical properties of the single
Ag nanowire/glass substrate system excited by the evanescent wave. Sci. Rep. 6, 25633; doi: 10.1038/srep25633
(2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

G oy other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFIC REPORTS | 6:25633 | DOI: 10.1038/srep25633 10


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Orientation-and polarization-dependent optical properties of the single Ag nanowire/glass substrate system excited by the evanescent wave
	Introduction
	Results
	Perpendicular Situation
	Parallel Situation

	Discussion
	Methods
	Additional Information
	Acknowledgements
	References



 
    
       
          application/pdf
          
             
                Orientation-and polarization-dependent optical properties of the single Ag nanowire/glass substrate system excited by the evanescent wave
            
         
          
             
                srep ,  (2016). doi:10.1038/srep25633
            
         
          
             
                Mu Yang
                Wei Cai
                Yingjie Wang
                Mengtao Sun
                Guangyi Shang
            
         
          doi:10.1038/srep25633
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep25633
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep25633
            
         
      
       
          
          
          
             
                doi:10.1038/srep25633
            
         
          
             
                srep ,  (2016). doi:10.1038/srep25633
            
         
          
          
      
       
       
          True
      
   




