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Light Coupling between Plasmonic Nanowire and Nanoparticle
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In this work, we investigate polarization-dependent excitation of the propagating surface plasmon
polariton (SPP) modes in gold nanowires (Au NWs) combined with gold nanoparticles (Au NPs).
The light coupling from focused light to SPPs on Au NWs is investigated for different structural
combinations of Au NWs with Au NPs, using full-wave finite-element numerical simulations. The
results show that the excitation of SPPs changes remarkably on varying the orientation of the NP on
NW or the polarization angle of the incident light. Metallic NWs combined with NPs can be applied
to the polarization-resolved SPP coupling in various optical and optoelectronic devices including
photonic circuits and optical sensors.
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I. INTRODUCTION

Low-dimensional materials such as nanowires (NWs)
and nanoparticles (NPs) are excellent platforms for un-
derstanding the fundamentals of light-matter interaction
in small-sized objects with sizes comparable to the wave-
length of light and for developing high-performance op-
tical and optoelectronic devices [1–8]. Metallic NWs
and NPs, in particular, have attracted tremendous at-
tention because of their unprecedented optical response
in the visible-wavelength regime [5–14]. For example,
NWs and NPs composed of noble metals can support
collective oscillations of free carriers in a metallic object,
called surface plasmon polaritons (SPPs). The SPPs in
metallic NWs can propagate along the NW axis with
wavelengths shorter than their wavelengths in free space,
resulting in highly confined light concentration on the
NWs, which facilitates ultracompact photonic circuits
suitable for large-scale integration [5,6,12–14]. In metal-
lic NPs, localized SPPs can be excited in a small vol-
ume, and it enables to develop highly sensitive optical
sensors for molecules [7, 8]. The excitation of SPPs in
such low-dimensional materials is significantly affected
by the structural configurations of the NWs and NPs
and the condition of the incident light [6,9–12,14]. Un-
derstanding the mechanism of the light coupling from
external light to SPPs in NWs and NPs is essential for
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achieving high-performance subwavelength optical and
optoelectronic devices. In this work, we study the exci-
tation of SPPs resulting from the illumination of focused
light onto the surface of Au NWs, for different structural
configurations of Au NWs with Au NPs and for changes
in the polarization of the incident light. We investigate
the light coupling from focused light to the propagating
SPPs, using the full-wave three-dimensional (3D) finite-
element method (FEM) and quantitatively characterize
the coupling strength using the power flux ratio between
the incident light and propagating SPPs on a single Au
NW. Our numerical calculations show that the light cou-
pling is strongly dependent on the relative positions of
the NPs on the NWs, with respect to the NW tip and the
substrate. In addition, the results demonstrate that the
coupling strength can be tuned by changing the polar-
ization angle of the incident light. The tunable nature of
the excitation of SPPs on metallic NWs combined with
NPs can be used for polarization-resolved SPP coupling
in various key photonic elements including waveguides,
switches, and sensors.

II. RESULTS AND DISCUSSION

Figure 1(a) schematically illustrates our simulation
configuration, which consists of a Au NW with circu-
lar cross-section of diameter DNW, along the y-axis on
a SiO2 substrate. An incident Gaussian beam, linearly
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Fig. 1. (Color online) Excitation of a surface plasmon
mode by focused Gaussian beam. (a) Schematic illustra-
tion of the excitation of a surface plasmon mode on a gold
nanowire (Au NW), using a linearly polarized focused Gaus-
sian beam. The Au NW with diameter DNW was placed on
top of an SiO2 substrate with a refractive index of 1.5. The
spot size of the focused Gaussian beam was d. (b) Calcu-
lated spectrum of the power flux ratio, Γ, for different DNW

of 50 (black, squares), 100 (red, circles), 150 (blue, trian-
gles), and 200 nm (cyan, inversed triangles). The focused
Gaussian beam with electric field parallel to the NW axis
was illuminated onto the edge of the Au NW. d was 1 μm.
(c) Calculated Γ as a function of the polarization angle of the
incident light α. The focused Gaussian beam was illuminated
on the edge of the Au NW with DNW of 200 nm (inset). The
excitation wavelength was 760 nm.

polarized in a direction parallel to the NW axis, is il-
luminated from the top and focused on one end of the
NW, with a focused beam spot size of d defined by the
beam waist diameter. SPPs are then excited on the sur-
face of the Au NW where a metal-dielectric interface
is formed. These SPPs are coupled to propagating plas-
monic waveguide modes supported by the NW and prop-
agate along the NW axis. We used 3D FEM (COMSOL
5.3a; wave optics module) to numerically characterize
the light coupling in our plasmonic system. First, we
obtained the incident power Pinc by calculating the z-
component of the time-averaged Poynting vectors of the
incident Gaussian beam passing through the center of an
imaginary detection plane of area 3.0× 3.0 μm2 that suf-
ficiently contained the Gaussian beam illumination area.
In addition, we calculated the y-component of the time-
averaged Poynting vectors at a point 10.0 μm distant
from the NW end where the light coupling occurred, to
obtain the propagating electromagnetic power PSPP de-
livered by the plasmonic waveguide mode. A detection
plane of area 3.0× 3.0 μm2, including both the cross sec-
tion of the NW and the fields of the plasmonic waveguide
modes, was used to calculate PSPP. Next, we introduced
the power flux ratio Γ, which is defined as the ratio of
PSPP to Pinc, to quantitatively characterize the combined
effect of the incident light coupling and SPP propagation.
For a single propagating plasmonic waveguide mode, we
can simply writhe the relation of these quantities as

PSPP = ηce
−L/LSPPPinc = ΓPinc. (1)

Here, ηc is the coupling efficiency of the incident light
to the propagating plasmonic waveguide mode at the
end of the NW. LSPP and L are the propagation length
of the plasmonic waveguide mode and the distance of
the detection position from the NW end, respectively.
In Fig. 1(b), we simulate various Au NWs with differ-
ent diameters of 50 (black, squares), 100 (red, circles),
150 (blue, triangles), and 200 nm (cyan, inversed trian-
gles), and estimate their Γ values as a function of the
incident wavelength ranging from 600 to 800 nm. For
the NW with a DNW of 50 nm, the propagating electro-
magnetic powers at the detection position was negligible
for all wavelengths. However, the Γ values for the NWs
with DNW ≥ 100 nm gradually increased with increasing
wavelength, reached a maximum, and started decreas-
ing. For example, the maximum Γ value of the NW with
DNW of 200 nm was estimated as ∼ 0.010 at a wave-
length of 760 nm. In addition, the larger-diameter NWs
showed greater Γ values in the overall spectral range.
The wavelength-dependent variation in the power flux
ratio for a given NW can be primarily attributed to the
different spectral response in coupling strength and the
momentum mismatch between the vertically illuminated
incident Gaussian beam and the propagating plasmonic
waveguide modes. This can explain the negligible or very
low Γ values of small NWs as well as the low Γ val-
ues for long wavelength in the given NW. Moreover, the
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frequency-dependent dielectric function of Au has an ef-
fect on the depth of field penetration inside the metal
and, consequently, is responsible for the short propaga-
tion length and high metallic loss at short wavelengths.
We further investigated the light-coupling properties by
systematically varying the angle of the incident polar-
ization of the Gaussian beam, with respect to the NW
axis (α in inset schematic, Fig. 1(c)). The Au NW with
DNW of 200 nm was used and the incident conditions
were kept the same as those in Fig. 1(b). The polar
plot of the Γ values in Fig. 1(c) clearly displays the po-
larization dependent light coupling from focused light
to the propagating SPPs; the maximum (minimum) Γ
value was achieved when the polarization of the incident
beam was aligned parallel, i.e., transverse-magnetic po-
larization, (normal, transverse-electric polarization) to
the NW axis. Due to symmetry of the incident field and
the NW geometry, the light scattering from the tip of
the NW, which reduces momentum mismatch, was sup-
pressed when the incident polarization deviated from the
NW axis, which directly led to a rapid decrease in the
coupling efficiency ηc and subsequently Γ.

Based on the understanding of light coupling in a sin-
gle Au NW of Fig. 1, we introduced a single spherical
Au NP to the surface of a single Au NW to control the
light-coupling characteristics. Figure 2(a) displays the
simulation geometry. In the schematic cross section, the
50 nm sized Au NP that lay on the surface of the NW
made a polar angle ϕ with respect to the vertical axis in
the NW cross-sectional coordinate. In addition, the NP
was located at a position 1 μm away from the end of NW.
The DNW was set to 200 nm. The incident Gaussian
beam was shifted and top-illuminated on the position of
the NP to excite SPPs. Figure 2(b) shows the results
of systematically increasing the angle ϕ from 0◦ to 120◦.
We repeated the same calculation process in Fig. 1(b) to
estimate the Γ values for the TM- (black, squares) and
TE-polarized incidences (red, circles) at the wavelength
of 760 nm. Here, we used the distance from the NP
to the detection position as L in Eq. (1) to estimate Γ.
We observed several important features. First, the esti-
mated Γ values for both polarizations were significantly
lower than those in Fig. 1(b). It is known that, when
an incident beam is projected on terminations of a single
NW, the strong light-matter interactions near the ter-
minations give rise to additional scattering wavevectors
that effectively compensate the momentummismatch be-
tween the incident beam and the propagating plasmonic
waveguide modes. However, the incident beam in Fig. 2
was shifted 1 μm in the y-direction so that it primar-
ily interacted with the NW body, which prevented the
generation of scattering wavevectors, limiting the cou-
pling efficiency ηc in the Γ value. Second, the estimated
Γ values for the TM-polarized incident beam showed no
noticeable response to the variations in the position of
the NPs. The incident beam interacted mainly with the
NW body and the tip of the NW, owing to its electric
field oscillation direction. Third, the estimated Γ val-

Fig. 2. (Color online) Excitation of a surface plasmon
mode on the Au NW with a single gold nanoparticle (Au
NP). (a) Schematic illustration of the Au NW with an Au
NP. The Au NP with diameter DNP was placed on the sur-
face of the Au NW with its orientation tilted at an angle of ϕ
with respect to the z-axis. The focused Gaussian beam was
shifted from the edge of the NW to the Au NP by a distance of
yNP. (b) Calculated power flux ratio Γ, as a function of ϕ for
TE- (α = 0◦, red, circles) and TM-polarized (α = 90◦, black,
squares) incident Gaussian beams. DNW and DNP were 200
and 50 nm, respectively. yNP was 1 μm. The spot size of the
focused beam, d, was 1 μm and the excitation wavelength was
760 nm. (c) Calculated normalized power flux ratio Γnorm, as
a function of the polarization angle of the incident light, α for
different ϕ of 0 (black), 60 (red), and 120◦ (blue). Γnorm is
the value of Γ normalized with respect to the maximum value
of Γ for α. The relative scales are 1, 1.4 and 2.7 for ϕ of 0,
60, and 120◦, respectively. The structural parameters were
the same as those in (b). The spot size of the focused beam,
d, was 1 μm and the excitation wavelength was 760 nm.
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Fig. 3. (Color online) Mode profiles of propagating surface plasmon modes on the Au NW. (a) Cross-sectional configurations
of NWs and NPs with different angles of ϕ = 0◦ (i), ϕ = 30◦ (ii), ϕ = 60◦ (iii), ϕ = 90◦ (iv), and ϕ = 120◦ (v). (b, c)
Electric field profiles of propagating plasmonic waveguide modes for different ϕ of 0, 30, 60, 90, and 120◦ when TE- (b) and
TM-polarized (c) focused Gaussian beams illuminated the Au NW with Au NP. The structural parameters were the same as
those in Fig. 2(b). The electric field profiles were obtained on the plane perpendicular to the NW axis, at a point 10 μm away
from the edge of the NW. The electric fields were normalized with respect to the maximum electric field of the incident Gaussian
beam at the focal point. The spot size of the focused beam, d, was 1 μm and the excitation wavelength was 760 nm. The scale
bar was 100 nm.

ues for the TE-polarized incident beam exhibited a con-
siderable increase as the angle increased. For example,
when the NP was on top of the NW (ϕ = 0◦), negligible
power transmission (PSPP) was detected. However, for
ϕ = 120◦, the Γ value increased 32-fold, compared to the
value at ϕ = 0◦. For high angles of ϕ, the NP on the NW
body can actively interact with the incident fields oscil-
lating in the direction normal to the NW axis and pro-
vide scattering wavevectors that enable light coupling to
the propagating waveguide modes. This interaction can
be maximized when the NP on the NW body is close to
the substrate because the interfaces of the NW, NP, and
substrate form a complex 3D geometry that is advanta-
geous for rich light scattering and for the generation of
scattering wavevectors. In Fig. 2(c), we further inves-
tigate the correlation between the incident polarization
and the position of the NP on the NW body. For three
different NP and NW geometries, with angles ϕ of 0◦
(black, squares), 60◦ (red, circles), and 120◦ (blue, tri-
angles), we gradually increased the incident polarization
from 0◦ to 360◦, calculated the Γ values for each geom-
etry, and normalized them with their respective maxi-
mum values. The polar plots of the normalized Γ values
showed clear polarization-dependent light-coupling be-
haviors. Notably, the polarization axis that produced a
maximum Γ value varied gradually as the angle defining
the relative positions of the NP and NW increased.

We further confirmed our analysis by visualizing the

propagating SPPs in Fig. 3. Figure 3(a) shows various
cross-sectional configurations of NWs and NPs with dif-
ferent angles of ϕ = 0◦ (i), ϕ = 30◦ (ii), ϕ = 60◦ (iii),
ϕ = 90◦ (iv), and ϕ = 120◦ (v). For each configura-
tion, we calculated the electric field intensity distribu-
tions at the detection position for both TE- and TM-
polarized illuminations. Under TE-polarized illumina-
tion, the electric field intensity of the propagating plas-
monic waveguide mode increased as the angle increased.
In particular, when the NP was close to the substrate
(i.e., ϕ = 120◦), a strong field intensity distribution was
clearly observed between the NW and the substrate. As
explained, the oscillation direction of the incident beam
and the relative position of the NP caused rich light scat-
tering at the interfaces of the NP, NW, and substrate,
enabling efficient light coupling to the plasmonic waveg-
uide modes. On the contrary, for TM-polarized illumi-
nation, weak and nearly constant electric field intensity
distributions were observed for all angles. The results in
Fig. 3 strongly support the results in Fig. 2 and confirm
our previous analyses.

Finally, to investigate the interactions between the NP
and the NW tip, we varied the longitudinal position of
the NP on the NW (yNP) and the polar angle ϕ. We
repeated the calculation process in Fig. 2(b) and esti-
mated the power flux ratios for both TE- (ΓTE) and TM-
polarized incidences (ΓTM). For TE-polarized illumina-
tion, the relative longitudinal position of the NP, with
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Fig. 4. (Color online) Tunable characteristics of
polarization-dependent excitation of surface plasmon modes.
(a) Power flux ratio, ΓTE, for a TE-polarized incident fo-
cused beam (inset) for different yNP of 0.5 (black, squares),
1.0 (red, circles), 1.5 (blue, triangles), and 3.0 mm (purple,
inversed triangles), as a function of the Au NP tilting angle ϕ.
(b) Power flux ratio, ΓTM, for TM-polarized incident focused
beam (inset) for different yNP of 0.5 (black, squares), 1.0 (red,
circles), 1.5 (blue, triangles), and 3.0 mm (purple, inversed
triangles), as a function of ϕ. (c) Ratio of ΓTE and ΓTM for
different yNP of 0.5 (black, squares), 1.0 (red, circles), 1.5
(blue, triangles), and 3.0 mm (purple, inversed triangles), as
a function of ϕ. DNW, DNP, d, and the excitation wavelength
were set to 200, 50, 1000, and 760 nm, respectively, for (a)
through (c).

respect to the tip of the NW, revealed small NW-tip-NP
interaction effect on the light coupling. Figure 4(a) shows
that the ΓTE values, as a function of the angle ϕ, exhibit
almost the same trend for various longitudinal positions
of 0.5, 1.0, 1.5, and 3.0 μm. A slight decrease in the
ΓTE value was observed as the longitudinal distance was
increased. It can be understood that since the light cou-
pling with the oscillation direction normal to the NW
axis is already insensitive to the position of the incident
beam center on the NW body, the addition of 50 nm sized
NPs does not make considerable changes. Figure 4(b)
displays very low ΓTM values when yNP is greater than
1.0 μm and they showed a small variation in the values
with increase in the distance and an ϕ-independent be-
havior. We note that, for the case of yNP = 0.5 μm, the
estimated Γ values were relatively high for all ϕ, com-
pared to the other cases (i.e., yNP = 1.0, 1.5, 3.0 μm),
because of the direct interactions between the incident
beam with a spot size of 1 μm and the NW tip. In
Fig. 4(c), we calculated the ratio of ΓTE/ΓTM as a func-
tion of the ϕ. The plot revealed that, for small values
of ϕ, the light coupling in TE- versus TM-polarized in-
cidence was very low, regardless of the longitudinal dis-
tance of the NP from the NW tip. However, for high
values of ϕ, the light coupling under the TE-polarization
incidence dominated that of the TM-polarization and the
ratio of ΓTE/ΓTM depended on the distance of the NP
from the NW tip; the maximum ratio of ΓTE/ΓTM was
∼ 4.5 at yNP = 3.0 μm and ϕ = 120◦. Taken together,
these results can be useful in designing light-coupling ex-
periments of NW and NP, by providing a good reference
for TE- versus TM-polarized illuminations.

III. CONCLUSION

In conclusion, we investigated the light-coupling char-
acteristics of a single Au NW and the combined structure
of a single Au NW and NP. A full 3D FEM simulation
was conducted to numerically characterize the light cou-
pling in various structures with different incident polar-
izations and NW-NP geometries. We first studied the
light coupling in a single NW, quantitatively, by defin-
ing the power flux ratio, defined as Γ = PSPP/Pinc, for
various wavelengths and incident polarizations. Then,
we proposed a more complicated structure consisting of
a single NW and NP. We introduced geometrical parame-
ters of ϕ and yNP, which represented the polar angle with
respect to the vertical axis in the NW cross-sectional co-
ordinate and the longitudinal distance between the NP
and NW tip, respectively. From the simulations, we
found that the light coupling became stronger when the
NP on the NW was close to the high-index substrate,
which was advantageous for rich light scattering to gen-
erate scattering wavevectors and for compensating the
momentum mismatch in the coupling. In addition, we
investigated the interaction effect between the NP and
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the NW tip on the light coupling for TE- versus TM-
polarized incidences. For small values of ϕ, the interac-
tion effect was negligible for both polarizations. How-
ever, the interaction depending on the longitudinal dis-
tance of yNP affected the ratio of ΓTE/ΓTM, providing
a good guideline for light coupling using a linearly po-
larized incident beam. We believe that our simulation
result can be useful for studies on the light coupling be-
tween various key photonic elements including metallic
waveguides.
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