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Effects of shape of terminus on excitation of surface
plasmon modes on metal nanowires∗
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The effects of the shape of a nanowire terminus on the excited surface plasmon polariton (SPP) modes are investigated.
The conical terminus and terminus cut at a certain angle are studied. For the first time, the quantitative mode decompositions
are carried out to derive the full information about excited SPP modes. It is demonstrated that tuning the shape of the
terminus provides an effective method to control the composition of excited SPP modes on metal nanowires. It is especially
found that some important patterns, such as the pure TM0 mode and the superposition of TM0 and HE+1 or HE−1 modes,
can be generated by some specific shapes of the terminus, whereas there is no way to produce these patterns using flat-end
nanowires.
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1. Introduction
Constrained as they are by the diffraction limit, existing

optical technologies face basic difficulties in integrated optical
circuits and devices. Surface plasmon polaritons (SPPs) can be
localized to sub-wavelength dimension and thus are regarded
as a promising scenario to break through this limitation and
also provide abundant applications.[1] Plasmonic waveguides,
serving as a key element on which SPPs are excited, trans-
mitted and transformed, have been extensively studied.[2–7]

Among them, metal nanowires have drawn considerable at-
tention due to their good performance and ease of fabrica-
tion and manipulation.[8–11] Especially, the further fabrica-
tion of nanoscale structures on normal metal nanowires has
been recently recognized to be able to play important roles
on the SPP’s excitation and radiation properties. For exam-
ple, it was demonstrated that by cascading nano-corrugation
gratings with different periodicities on silver nanowires atop
silicon, different colors can be spatially separated and chrono-
logically released at different grating junctions.[12] Although
nanowires with various cross sections can be generated by dif-
ferent fabricating methods,[13] the cylinder nanowire has been
the most concerned and studied type until now. The plasmonic
eigen modes on such nanowires can be analytically solved and
have been well known.[14] How these modes can be excited
on metal nanowires is a fundamental question in the relevant
studies. The qualitative features and quantitative mode de-
composition of optically excited SPP fields have been stud-
ied for flat-end nanowires.[15] However what the matter is for
the nanowires with other shapes of terminus remains an open
question, although it has been recognized that the shape of
nanowire terminus may have a significant influence on the ex-

citation of SPPs and may, consequently, notably affect the ra-
diation properties.[16] In this paper, we will focus on this issue
and aim to give a quantitative answer to this question, together
with the corresponding physical explanations.

2. Numerical method, results, and discussion
The finite-difference time-domain (FDTD) method is

used to simulate the excitation and propagation of SPPs on
metallic nanowires. Since the effect of the shape of termina-
tion is the topic of the present study, the other model parame-
ters are fixed in this paper. It is assumed that a semi-infinite-
long silver nanowire of radius R = 100 nm is embedded in
the dielectric background with permittivity εd = 2. A Gaus-
sian beam with wavelength λ = 590.4 nm is used to illuminate
the nanowire terminus to excite the SPPs. As is well known,
for axisymmetric optical waveguides, such as normal optical
fiber and other types of waveguides,[17,18] various confined
modes may exist. For metal nanowires, it has been demon-
strated that only transverse magnetic (TM) and TE-like hybrid
(HE) modes can exist for zero and nonzero winding numbers,
respectively.[14] For the presently adopted parameters, it has
been shown that only the TM0 and HE±1 modes can be pos-
sibly excited.[15] The parallel and perpendicular polarizations
of incident light are studied. In the FDTD simulation, in the
propagating region the mesh sizes are set to be 2 nm and 10 nm
transversely and longitudinally, respectively. For the excita-
tion terminus part, a uniform mesh size of 2nm is adopted.
The time step is chosen to be 200 fs. These parameters are tes-
tified to well satisfy the convergence. We perform the FDTD
simulation and then carry out the mode decomposition of the
obtained SPP fields to derive quantitative information about all
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of the excited modes.
Firstly we study a nanowire with a conical terminus,

which can be regarded as a representative of cuspidal termi-
nus with axial symmetry. The height of the cone, or alterna-
tively the angle between conical surface and nanowire cross
section θ , can be adjusted as shown in Fig. 1(a). Since the
left–right symmetry that is kept for this structure is similar to
a flat-end nanowire, the qualitative features of mode composi-
tion of the excited SPPs are expected to be the same as those
of a flat-end nanowire. It is actually observed to be so. As
described for flat-end nanowire,[15] for parallel polarization,
the TM0 and HE±1 modes are all excited at the position where
the HE±1 modes are excited in equal amplitude, while their
electric components Er and Ez are in phase in the direction of
light incidence. For perpendicular polarization, only the HE±1

modes can be excited at the position where they also have the
same amplitude, but their Er and Ez are in phase in the ver-
tical direction to the incident light on the cross-section plane.
The amplitude distributions of electrical fields on the cross-
section plane of the nanowire are shown in Fig. 1(b). Through
mode decomposition, the amplitude and phase of each mode
can be extracted. They are shown to change notably with an-
gle θ . We use the amplitude of Er to represent the strength of

each mode. Figures 1(c) and 1(d) show the variations of am-
plitudes of Er with θ for parallel and perpendicular polariza-
tions, respectively. Here, and in all the following figures, the
amplitudes are given 4 nm away from the edge of nanowire
terminus in the incident direction. It is seen that the ampli-
tude of TM0 mode decreases significantly with increasing θ ,
while the amplitudes of HE±1 modes display rather flat behav-
iors in both cases of parallel and perpendicular polarizations.
These features can be explained as follows. Since the HE±1

modes excited by the part with small radius on the conical sur-
face are strongly suppressed by phase mismatching, they are
mainly generated by the part near the terminus edge, so that
the strength of the HE±1 modes do not depend on θ sensi-
tively. On the other hand, since small radius is favorable for
the excitation of TM0 mode, the total TM0 mode must be re-
garded as the overall superposition of excitations from all parts
of the conical surface. With increasing θ the phase differences
among the excited fields from different parts of the cone are
enlarged, so that these fields tend to cancel each other; there-
fore, the strength of TM0 mode decreases significantly. It is
seen that at θ = 60◦ the amplitude of TM0 mode is already
quite small compared with that of HE±1 modes, so that an ap-
proximate HE±1 modes pattern is obtained.
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Fig. 1. (color online) (a) Schematic illustration of nanowire with conical terminus in homogeneous background. (b) Amplitude distributions of electrical
fields on the cross-section plane of nanowire for the parallel and perpendicular polarizations. Amplitudes of Er of excited modes as a function of θ for (c)
parallel and (d) perpendicular polarizations.
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The phase of each excited mode is another quantity of in-
terest. While their significance and applications are to be fur-
ther explored, here we focus on one thing, which is the phase
difference between the HE±1 modes excited by parallel and
perpendicular polarizations. Here, the phases of HE±1 modes
refer to the phases for the positions with same radius but
along incident direction and its vertical direction on the cross-
section plane for parallel and perpendicular polarizations, re-
spectively. This phase difference δ is found to change with θ

notably, as shown in Fig. 2(a). It is noted that δ decreases from
108◦ to 84◦ as θ increases from 15◦ to 45◦. The special point
is θ = 30◦, where δ reaches a value of 90◦. For this point it
is easy to understand that, for an obliquely-polarized incident
light that guarantees the same amplitudes of the HE±1 modes
excited, respectively, by the parallel and perpendicular com-
ponents, one of the HE±1 modes can be canceled completely,
so that the TM0 mode and a pure HE+1 or HE−1 mode re-
main. This pattern may be useful in some applications. It can
only be generated for very specific wavelengths and nanowire
radii,[15] and is not a general output, as claimed by another
study[19] for flat-end nanowires. The adjustment of conical
angle provides a practical way to generate such a pattern for
arbitrary incident wavelength and nanowire radius. For exam-
ple, figure 2(b) shows the cross-sectional distributions of the
TM0 and HE+1 pattern obtained at θ = 30◦. The rotating be-
havior with respect to propagating direction originates from
the superposition of the two modes with different wave num-
bers.

10 20 30 40 50
θ/(Ο)

δ
/
(Ο
)

110

100

90

80

z/. mm z/. mm z/. mm

z/. mm z/. mm z/. mm

(a)

(b)

Fig. 2. (color online) (a) Phase difference δ between the HE±1 modes
under parallel and perpendicular polarizations as a function of θ . (b)
Amplitude distributions of the superposition of TM0 and HE+1 modes
at different values of z, which are obtained at θ = 30◦.

Next, we consider a nanowire terminus that is cut at a
certain angle. Although this structure may not exist realisti-
cally, it can be produced by a certain technique, such as ion
beam etching. At the first step it is assumed that the incident
light illuminates directly on the cutting surface, which can be
upward or downward, as shown in Fig. 3(a). The cutting an-
gle ψ is defined as being positive and negative for the upward
and downward cases, respectively. Since the left–right sym-
metry is also kept in these cases, it is expected that the excited
SPP pattern should also be similar to those excited by flat and
conical ends. However, the amplitudes of excited modes are
assumed to change with ψ significantly. We perform the sim-
ulations for different values of ψ , ranging from −60◦ to 60◦.
The variations of mode amplitudes are shown in Figs. 3(b)
and 3(c) for parallel and perpendicular polarizations, respec-
tively. The variation behaviors are more complex than those
for the conical-end nanowires. It is shown in Fig. 3(b) that
the amplitude of Er of TM0 mode increases with increasing
ψ and reaches a maximum at about −40◦, it then starts to de-
crease. This behavior can be explained by the phase-matching
between the excited fields and the TM0 mode. Since the fields
of TM0 mode are axisymmetric, the most favorable situation
for excitation occurs when the excited fields by different parts
of nanowire terminus are in phase on the same cross section
of nanowire. This condition can be satisfied for a certain cut-
ting angle in the downward case. This angle can be calcu-
lated by equating the optical paths of excited fields reaching
the same cross section through the medium and the nanowire.
Noting that the medium and TM0 plasmonic wavelengths are
417.5 nm and 344 nm respectively, the most favorable angle
can be calculated to be −39.5◦, which perfectly fits our nu-
merical result, as shown in Fig. 3(b). When ψ deviates from
this value, the phase-matching becomes increasingly worse, so
that the amplitude of TM0 mode decreases monotonically. As
for the HE±1 modes, the fields are in opposite phase on the up-
ward and downward parts of the nanowire. The favorable an-
gle is calculated to be +2.1◦ (noting that the HE±1 plasmonic
wavelength is 380 nm), which happens to be very close to the
flat-end case for our model parameters. It also fits perfectly
with the numerical result.

When deviating from this angle, the amplitudes of
HE±1 modes decrease similarly due to the enlarged phase-
mismatching, until the most unfavorable situation is reached
for a certain negative value of ψ , where the excited fields by
different parts of nanowire terminus are in phase. This unfa-
vorable angle is calculated to be−42.3◦. Around this point the
HE±1 modes are strongly suppressed. For example, the am-
plitude ratio of Er±1 and Ero is shown to be 1/18 at ψ =−45◦.
Thus, the HE±1 modes can be well neglected and a highly
approximate pure TM0 mode is obtained. This mechanism
indeed provides an effective and simple method to produce a
highly approximate pure TM0 mode, which has been an open
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Fig. 3. (color online) (a) Schematic illustration of nanowire whose ter-
minus is cut at angle ψ . ψ as defined as being positive and negative
for upward and downward cases, respectively. (b) Amplitudes of Er of
excited modes as a function of ψ for (c) parallel and (b) perpendicular
polarizations. (d) Amplitude distribution of highly approximate TM0
mode which is obtained at ψ = 45◦.

question up to now. Figure 3(d) shows the field distribution
of the approximate TM0 mode generated at ψ = −45◦. Of
course, for more negative ψ the amplitudes of HE±1 modes
would increase again. For perpendicular polarization, noting
that the field distributions of HE±1 modes are rotated 90◦ com-
pared with those for parallel polarization, the most favorable

situation for excitation of HE±1 modes should occur when the
optical paths to the same cross section are equal. This cor-
responds to the same angle, −42.3◦. The decreasing behav-
ior of amplitude with increasing ψ shown in Fig. 3(c) is in
accordance with this expectation. The phases of the excited
modes are also shown to vary notably with ψ . Their results
are omitted here for concision. It should be mentioned that it
is also feasible to generate a pattern like Fig. 2(b) by choosing
a proper cutting angle ψ .

It is interesting to further study the case where the light is
obliquely incident on the cutting surface. In this case the left–
right symmetry is broken. The setup is illustrated in Fig. 4(a).
γ is defined as the rotation angle of nanowire from the down-
ward position of cutting surface. γ is positive (negative) when
the rotation is clockwise (anti-clockwise). In this study, the
cutting angle of the nanowire terminus is fixed to be 45◦. We
perform the simulations for different rotation angles. For ex-
ample, the field distributions of γ =±90◦ for parallel and per-
pendicular polarizations are given in Figs. 4(b) and 4(c), re-
spectively. In both cases, for non-zero γ it is found that the
HE±1 modes no longer have the same amplitudes, and the
positions of Er and Ez of HE±1 modes being in phase are
no longer in the same direction that is shown in the γ = 0
case. Also, it is observed that the TM0 mode starts to emerge
with the rotation for perpendicular polarization (noting that
the TM0 mode is forbidden for γ = 0). All these features are
expected results due to the broken left–right symmetry. Fig-
ures 4(d) and 4(e) show the variations of amplitudes with γ in
the cases of parallel and perpendicular polarizations, respec-
tively. Similarly, the amplitude of each mode is determined
by the degree of phase-matching between the mode field and
the field excited by incident light. The detailed explanations
are omitted here for concision. It should be noted that a strict
symmetry is kept for the clockwise and anti-clockwise rota-
tions. The sensitive dependence of mode amplitude on the
rotation provides a simple method to tune the composition of
different SPP modes, which could be useful in some applica-
tions and in studies of mode-dependent effects. The positions
of Er and Ez of HE±1 modes being in phase are another char-
acteristic quantity. The results are given in Figs. 4(f) and 4(g).
β is defined as the rotation angle of this position with respect
to the position in the case of γ = 0. It is noted that for par-
allel polarization this position rotates in the same direction as
the rotation of nanowire and reaches ±68◦ when γ = ±45◦,
it then rotates back to the starting point when the nanowire is
rotated±180◦; whereas, in the case of perpendicular polariza-
tion β beaches ±113◦ when γ =±90◦, and then rotates back.
These features affect to a large degree the angular distribution
of SPP fields on the cross section of nanowire and have an im-
portant influence on the angular distribution of radiation from
the emitting end.
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Fig. 4. (color online) (a) Illustration of rotation of the cut nanowire. γ is defined as being positive (negative) when the nanowire is rotated clockwise
(anti-clockwise) against the propagating direction. (b) Amplitude distributions obtained at γ = ±90◦ for (b) parallel and (c) perpendicular polarizations.
Amplitudes of Er of excited modes as a function of γ for (d) parallel and (e) perpendicular polarizations. The variations of rotation angle β of the position
of the HE±1 modes being in phase with γ for (f) parallel and (g) perpendicular polarizations.

3. Conclusions
In this paper we have quantitatively studied the effects of

shape of nanowire terminus on the excitation of SPP modes.
For the first time, quantitative mode decompositions are car-
ried out to derive the full information about excited SPP
modes. The excitation mechanisms of different modes are
studied and explained. It is found that the SPP pattern excited
by a conical terminus is qualitatively similar to that excited by
a flat end. But the amplitudes and phases of excited modes
vary notably with the conical angle. In particular, it is found
that at a certain conical angle one of the HE±1 modes can be
in opposite phase for parallel and perpendicular polarizations;
therefore, for a proper obliquely-polarized incident light this
mode will be canceled out, and only the other |m| = 1 mode
and TM0 mode remain. On the other hand, it is found that the
amplitudes of SPP modes excited by terminus cut at a certain
angle exhibit a significant dependence on the cutting angle.
It is especially demonstrated that, in the parallel-polarization
case, at a certain negative angle the HE±1 modes are strongly
suppressed, so that a highly approximate pure TM0 mode can
be produced. Furthermore, it is shown that the rotation of the

cutting surface breaks the left–right symmetry of the system.
This leads to the asymmetrical HE±1 modes for parallel and
perpendicular polarizations, the emergence of TM0 mode in
the perpendicular-polarization case, and the rotation of cross-
sectional field distribution. These new features are qualita-
tively different from those of the modes excited by flat end of
nanowire and thus provide new dimensions of controlling the
mode composition on metal nanowires. Although the different
choices of model parameters can have a quantitative influence
on the results, they are expected not to change the qualitative
conclusions obtained here. The results in this paper provide a
complete understanding of the effects of the studied shapes of
terminus on the excited SPP modes on metal nanowires and
may serve as a useful guide to the study of other types of
shapes of terminus. The tuning of the shape of a nanowire
terminus is demonstrated to be an effective method to control
the composition of excited plasmonic modes and is at present
a unique way to generate some special and important SPP pat-
terns, which may lead to potential and important applications
in nanowire-based optical circuits and devices.
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