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Abstract: We show that plasmonic nanowire-nanoparticle systems can perform nonlinear
wavelength and modal conversions and potentially serve as building blocks for signal multiplexing
and novel trafficking modalities. When a surface plasmon excited by a pulsed laser beam
propagates in a nanowire, it generates a localized broadband nonlinear continuum at the
nanowire surface as well as at active locations defined by sites where nanoparticles are absorbed
(enhancement sites). The local response may couple to new sets of propagating modes enabling
a complex routing of optical signals through modal and spectral conversions. Different aspects
influencing the optical signal conversions are presented, including the parameters defining the
local formation of the continuum and the subsequent modal routing in the nanowire.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

The realization of a functional and operational densely integrated nanophotonic circuitry largely
depends on the development of the plasmonic components toolbox. Indeed, surface plasmon
polaritons (SPPs) have the essential ability to concentrate light beyond the diffraction limit
granting the possibility to manipulate light with very small device dimensions [1,2]. In this
context, the deployment of plasmonic nanowires were highlighted because they enable a series of
much needed functionalities such as transport, and routing [3], switching [4] as well as logic
optical operations [5,6]. In particular, chemically synthesized silver nanowires (AgNWs) are of
notable interest in this context [7,8]. Firstly because their crystalline structure, excellent diameter
uniformity and surface smoothness mitigate SPP scattering losses allowing for longer surface
plasmon propagation distances and a richer modal diversity [9]. Secondly, silver exhibits lower
intrinsic losses than any other plasmonic material when operating in the visible spectral range
[10]. Finally, these one-dimensional nanostructures can be easily and consistently prepared using
solution-based processing methods [11,12].

The strong optical fields associated with the propagation of a SPP in a nanowire lead to
enhanced light matter interactions, enabling under certain excitation conditions, the observation
of nonlinear responses. These nonlinear effects are certainly widening the gamut of applications
and functionalities that can be performed by systems with reduced dimensions [3,13]. In this
context, engineering the plasmonic modal landscape is of great importance in the control of the
nonlinear responses and the realization of complex optical transport and advanced information
processing operations [14—16]. Particularly interesting is the switching of the transported energy
between the different modes sustained by the waveguide. In nanowires, such modal conversion is
typically achieved by introducing local symmetry-breaking sites [17]. In this work, we extend
this concept to control a secondary modal distribution introduced by the material’s nonlinear
response. We specifically discuss a novel routing modality by introducing plasmonic-enabled
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wavelength and mode conversion mechanisms based upon the nonlinear interaction between the
SPP and nanoparticles adsorbed on the nanowire surface. We confirm the field-enhancing role of
adsorbed nanospecies on the nanowire’s nonlinear response and demonstrate the potential modal
and wavelength division capabilities of such a coupled system.

2. Experimental details

Crystalline silver nanowires are grown using a seed-mediated chemical process following the
polyol reduction of silver nitrate (AgNO53) method [11,12]. This procedure yields a wide variety
of single crystalline AgNW configurations with pentagonal cross-sectional shape. The diameters
are ranging from 200 nm to 600 nm and the nanowires are synthesized with a wide spread
of available lengths, some of which are selected for this study. A solution of AgNWs diluted
in ethanol is drop-casted on a clean 22 x 22 mm glass coverslip having well-defined position
markers. The deposited solution is dried at room temperature. The sample is transferred to an
inverted microscope (Nikon, Eclipse). A schematic representation of the experimental setup is
presented in Fig. 1(a). Briefly, a femtosecond laser (Coherent, Chameleon) tuned at 4o = 808 nm
delevering 180 fs pulses at 80 MHz is focused to a diffraction-limited area on a chosen nanowire
by an oil immersion high numerical aperture (N.A.) objective (100x, N.A. = 1.49). Overlapping
the nanowire termination with the laser focus scatters the incident light to a broad distribution of
in-plane wave-vectors enabling to phase-match the excitation with the plasmonic modes sustained
by the nanowire [18]. The different linear and nonlinear optical responses are collected by the
same objective and transferred by a set of relay lenses to a charge-coupled device (CCD) camera
(Hamamatsu, C4742-80-12-AG) for wide-field real and Fourier plane leakage imaging [19,20].
When necessary a set of filters is placed in the optical train to reject the back-scattered laser light
and to spectrally select the nonlinear response.

A scanning electron microscope (SEM) image of typical AgNWs is shown in Fig. 1(b).
Figure 1(c) and Fig. 1(d) are close-up views of the terminations indicated by the white boxes in
Fig. 1(b). The high resolution transmission electron microscope (HRTEM) image of Fig. 1(e)
features the lattice fringes revealing the crystal arrangement. Applying a fast Fourier transform
confirms the periodicity of the crystal (see inset).

While flat terminations impose specific incident polarization conditions to excite particular
SPP modes, spherical-like terminations allow the excitation of multiple SPP modes regardless
of the polarization [9,21]. Furthermore, the excitation of different plasmon modes may also be
facilitated by the inhomogeneous distribution of the field components inside the focus [22]. In our
experiments the incident polarization is kept along the major axis of the nanowire (longitudinal)
where the coupling to SPP shows to be more efficient. Generally speaking, large diameter
silver nanowires with a section of a few hundreds of nanometers can support plasmonic modes
of different natures. The first mode is the fundamental mode bound at the surface, which is
characterized by an effective index larger than that of the substrate, here neg>1.5 . The second
family of modes are higher-order modes with lower effective indices. In a leakage radiation
microscope equipped with a high NA aperture, these SPP modes are radiatively loosing part
of their energy into the substrate, which can then be collected to form an image of the SPP
distribution [20,23]. This simple plasmonic modal landscape is modified by the cross-sectional
geometry and the standardized use of the underlying substrate due to the substrate-induced
hybridization of SPP modes [20,24,25]. Cross sections with sharp edges lead to field localization
at the edges and corners. As the cross-sectional size is reduced, hybridization is favored and
gives rise to a new and reduced set of supported modes [21]. The nanowires considered here
exhibit a clear pentagonal cross-section [26] with an upper vertice distinguishable in the SEM
images of Fig. 1(c), (d).

In this work, we investigate a population of nanowires characterized by a distribution of
sections inherent from the chemical synthesis. Broadly speaking, one may split the section in
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Fig. 1. (a) Experimental setup. A NIR pulsed laser is tightly focused by a high N.A.
objective. The same objective also collects the optical response. A set of relay lenses
allows Fourier and real plane imaging on CCD cameras. A set of filters spectrally selects
the different optical responses emitted by the nanowire. Distances are not at scale. (b)
SEM micrograph of typical AgNWs. (c) and (d) are closed up views of the extremities of
the AgNW indicated in (b). The AgNW diameter is around 530 nm and the thin layer of
polyvinylpyrrolidone (PVP) surfactant covering the AgNW is visible on the micrographs.
(e) High-resolution transmission electron micrograph showing the atomic structure of the
synthesized silver nanowires and the corresponding Fourier transform pattern.

two distributions. A first one allowing only the existence of the fundamental mode and roughly
encompasses nanowire’s diameters below 150 nm [20]. All other higher-order modes are at
cut-off. The second distribution gathers larger diameters, where higher-order (leaky) modes
co-exist with the bound mode.

3. Real-plane nonlinear photoluminescence distribution: effect of SPP modal
pumping

Starting with the fundamental bound mode, Fig. 2(a) shows a wide-field image taken at the laser
wavelength when a selected AgNW is excited. This nanowire is labeled as nanowire #1. Here,
the focal spot overlaps the AgNW left extremity and is seen as an intensity-saturated region. The
presence of a dimmer intensity at the distal end indicates the excitation and propagation of the
surface plasmon bound mode at 1y. The plasmon propagates along the nanowire and scatters out
to free-space photons at the termination, which is a distinctive signature of the mode existence
[27]. Tightly confined at the nanowire-glass interface, this mode has higher effective refractive
index than the substrate. Therefore, it can only be detected in the far-field by scattering at surface
impurities such as adsorbates. Some weak SPP scattering can be observed along the nanowire as
dim fringes present along the nanowire. The fringe pattern results from imaging artefacts due to
the spherical symmetry of the objective lens and the coherent nature of the excitation.
Increasing the incident peak power (~ 7 x 10'> W - m~? at the sample) and thus the strength of
the excited surface plasmon triggers the generation of a nonlinear photoluminescence (N-PL)
response in the nanowire #1. N-PL is a multifaceted process arising from different underlying
absorption and emission mechanisms [28]. On the one hand, the pulsed excitation of the metal
creates an out-of-equilibrium electron distribution [29]. The thermalization dynamics of the
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Fig. 2. (a) Wide-field image of the intensity distribution of the bound mode excited in
a9 um long AgNW (nanowire #1). (b) Spectrally filtered image of the N-PL emitted at
A<700 nm by the nanowire. The color range saturates the images at the excitation area to
reveal the weaker signals produced along the nanowires and at the distal ends. (c) Normalized
spectra of the nonlinear response generated at the excitation and distal end. 1>700 nm are
removed from the detection path due to the filter set utilized to reject the laser line and
Raman contributions from the substrate.

distribution allows the electrons to reach high enough temperatures, which may radiate in the NIR
and visible following Planck’s law [30,31]. On the other hand, experimental evidence suggested
an interband multi-photon absorption process taking place [32]. Electrons in the d-band of the
metal are promoted to higher levels in the sp-band by sequential photon absorption events [33].
Eventually, excited electrons will recombine with holes in the d-band by emitting a photon. This
process was identified for Au, but not systematically studied for Ag nanostructures. In this report,
we do not attempt to identify the emission mechanism giving rise to N-PL. We simply use this
signal as an observable supporting our claims.

Such a nonlinear emission is displayed in Fig. 2(b) where the image captures the spectrally
integrated N-PL emitted at A<700 nm and excludes the excitation wavelength and possible
second harmonic generation (SHG). Besides the expected strong nonlinear response visible at
the excitation area (left), there is remarkable N-PL emission at the distal end. This distal N-PL
response is mainly a consequence of the localized electromagnetic enhancement provided by
the end face [12]. Another contributor may also be secondary plasmons launched by the local
N-PL generated at the excitation site, propagating in the nanowire and being scattered out by the
end-face nanowire [34,35]. However, this contribution is expected to be weak compared to the
enhancement of the pump plasmon at the extremity because of the low efficiency of the overall
process, which includes N-PL generation and subsequent coupling probability to the modal
structure as well as the large propagation loss at play in the considered N-PL wavelength coverage
[9]. The weak N-PL response detected along the nanowire is emitted from its surface and results
from the optical pumping of the material by the propagating bound SPP mode [36]. Compared to
previously reported delocalized nonlinear emission occurring in top-down fabricated nanowires
[34-36], the small intrinsic roughness of the crystalline AgNWs reduces momentum transfer all
along the nanowire and the largest N-PL emission is mostly confined at the excitation and distal
ends.

Figure 2(c) displays the spectra of the up-converted emission at the two extremities of the
nanowire #1. Both N-PL spectra show the characteristic tail-like shape vanishing at decreasing
wavelength. A weak coherent response is revealed at 4 = 404 nm corresponding to the second-
harmonic generation (rejected on the images). The spectral nature of the N-PL is linked to the
equilibrated temperature of the hot electron distribution created by the ultrafast laser pulse and
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the excitation of the SPP. The distal end of the AgNW features a depleted spectral content of the
low-wavelength region compared to the excitation end. This is explained by the comparatively
lower electron temperature reached at the distal end due to the loss of transmitted SPP pumping
power at Ay during its propagation [34,37]. As pointed out above, a small portion of the emission
at this location may arise from secondary N-PL plasmons scattering out. Given the dispersive
nature of the nanowire, shorter wavelength plasmons suffer higher propagation losses and
therefore may contribute also to the observed spectrally-depleted emission at the distal end of the
nanowire.

Now, taking advantage of the inhomogeneous field components inside the laser focus, we
slightly change the position of the extremity of nanowire #1 in order to excite higher-order leaky
modes. Basically, controlling the lateral overlap between the extremity of the nanowire and the
optimal focal field distribution enables a preferred excitation of the bound mode or leaky modes
[22]. Since the leaky modes have smaller effective refractive indexes than the substrate, they can
be detected by leakage radiation microscopy [38]. Indeed, the resulting leakage image taken at
Ao is shown in Fig. 3(a). The two bright parallel lines at the lateral edges of the nanowire are the
signature of the leaky nature of the mode. The plasmon propagation may be extracted by plotting
the lateral SPP intensity taken along the two bright lines as shown in the semi-logarithmic graph
of Fig. 3(b). The data follow a linear decaying trend indicative of the exponential attenuation of
the surface plasmon. An exponential fit provides the distance after which the mode intensity /gy,
has decayed to 1/e, i.e. the propagation length Ly, of the mode: [39]

Lypp = Ip e™/Fw0 (1)

where x is the distance along the AgNW and [ is the initial intensity of the plasmon at the
coupling site. The fit gives Lyp, = 2.3 um in both data sets in close similarity with previously
reported values [20,25].
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Fig. 3. (a) Wide-field image of the intensity distribution of the leaky mode excited in a
9 um long AgNW (nanowire #1). (b) Semi-log plot of the intensity profile along the two
bright lines at the edges of the nanowire as indicated in (a) by the light and dark blue dotted
lines. (c) Spectrally filtered image of the N-PL emitted at <700 nm by the nanowire. The
N-PL distribution is dominated by hot-spots at a particular locations defined by nanoparticle
adsorbates.

We switch now to the nonlinear response generated when the laser intensity is increased
(Fig. 3(c)). Pumping the AgNW with a leaky mode leads to very different behaviors that are
systematically observed in all the investigated nanowires. Firstly, the excitation area (left end),
which concentrates the vast majority of the incident power, surprisingly shows a weaker nonlinear
emission compared to the excitation condition of the bound mode (Fig. 2(b)). This reduced
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nonlinear response at the excitation input is probably linked to the slight displacement of the
nanowire’s position within the focus introduced to favor coupling to the leaky mode. This
results in a weaker N-PL generation compared to the optimum overlap. Such a weak emission
strengthens the hypothesis of the surface plasmon at the pump wavelength as the main origin
of the N-PL delocalization. Secondly, the N-PL distribution along the nanowire bears a strong
resemblance with the leaky mode at 1y, whose emission is located at the edges. This suggests
that the N-PL distribution is linked to leaky modes excited within the N-PL continuum. This
situation is vastly different from the bound mode pumping where N-PL is emitted via a surface
effect, and does not exist as a mode of the structure. Thirdly, the intensity of the N-PL is here
dominated by local hot-spots at adsorbates (see white arrow as an example) which are not easily
observed with the bound mode imaging neither at the pump wavelength (Fig. 2(a)) nor at its
corresponding N-PL distribution (Fig. 2(b)), in spite of being the same nanowire.

The N-PL response at the hot-spots may be arising from a simple scattering of the underlying
propagation of an upconverted spectral continuum of surface plasmons excited by the laser and
launched at the left hand side of the nanowire. We believe that this is weak contributor to the
signal. Rather, we argue that the strong responses observed at the hot-spots are produced by a
local enhancement of the plasmon field transported at the pump wavelength.

Our argumentation is based on the following discussion: Let us assume for the sake of the
argument that the coupling efficiency of the focal fields to a surface plasmon at the pump
wavelength is of the same order of magnitude as the coupling efficiency of the locally generated
N-PL at the excitation end to a continuum of plasmons. The ratio between the strength of these
secondary plasmons and the strength of the plasmon developing at the fundamental wavelength
would be equal to the N-PL generation yield. Such extrinsic yield was reported to be as low as
10719 in earlier publications [e.g. [40]] and we estimate a similar value by normalizing the N-PL
photon counts measured at the excitation site by the number of incident pump photons. There
is thus a huge difference on the efficiency of the evoked mechanisms to explain the local N-PL
responses observed, favoring thereby the vision of a local enhancement of the pump plasmon
field by the presence of adsorbates. Another hint supporting this argument is that scattering of a
plasmon continuum is expected to exponentially decay with the distance separating the location
of the hot-spots to the excitation end. Within the wavelength range of the upconverted N-PL
photons the surface plasmon propagation distance is lower than that of the fundamental plasmon,
here measured as Ls,, = 2.3 um. This dependence is not observed experimentally. Instead,
Fig. 3(c) (and others discussed below) shows that the N-PL signal at the strongest enhanced
site is actually larger than at the focus and thus cannot be understood by a mere scattering of
an underlying upconverted plasmon continuum. Finally, scattering of the surface plasmon field
by an adsorbate decorating the surface of the nanowire is not always an efficient out-coupling
mechanism. Good examples are illustrated in Fig. 2(a) and Fig. 3(a) where the presence of
particles does not drastically affect the propagation of the bound and leaky modes.

The explanation fundamentally lies on the near-field cross-sectional distribution of the
plasmonic modes. The generation of hot-spots is linked to the enhancement of the SPP fields
produced by an electromagnetic interaction with surface adsorbates [41] which, in this case,
are formed by residues of the synthesis decorating the nanowire. SEM characterization of
the studied nanowires confirms the presence of adsorbed nanoparticles at the location of the
enhancement sites. Figure 4 shows a set of images with different particle-nanowire configurations
randomly obtained during chemical synthesis. The strength of the enhancement can be linked
to the orientation of the field polarization and the presence of a small gap separating the two
metal surfaces [42,43]. The junctions observed on SEM images are not trivial but contribute
enormously to the build up of the optical fields and the efficient generation of local nonlinear
sources. Therefore, the intensity of N-PL signal at particular hot-spots is essentially defined by
the geometrical factor of the junction and the plasmon modal characteristics.
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Fig. 4. SEM images of adsorbed nanoparticles on silver nanowires acting as hot-spots for
the enhancement of nonlinear optical responses and routers for exciting the family of SPP
modes supported by the nanowire. Scale bars are 200 nm.

To confirm this hypothesis, Fig. 5 shows the computed cross-sectional views of the field
intensity distributions characterizing the different guided surface plasmon modes supported by a
500 nm wide pentagonal AgNW at 1y = 808 nm. The nanowire is surrounded by air (n = 1) and
lying on a glass substrate (n = 1.5). The modes are identified and computed by a commercial
mode solver (COMSOL Multiphysics, RF module) and a homemade (Green’s dyad) method.
The computation provides the complex effective index of the guided modes rgfr = neg + in/f and
their field distribution. Details can be found in [20,44].

v Fundamental mode

Fig. 5. Electric field intensity distributions of the plasmonic modes supported by a
500 nm wide AgNW lying on a glass substrate and excited at 1g = 808 nm. (a) Schematic
representation of the air-nanowire-substrate system. The corners of the nanowire are labeled
as V; (i =1 to 5) for easier identification. (b), (c) and (d) are cross sectional intensity
distributions for the fundamental bound mode, symmetric and antisymmetric leaky modes,
respectively. The numbers at the center of the pentagons are the calculated effective indexes
while the plus and minus signs highlight the polarity of the charge density distribution. The
arrows represent the orientation of the electric field. (e) Intensity distribution of the electric
field when the bound mode interacts with a 150 nm spherical Ag nanoparticle placed on the
nanowire’s side. A 5 nm gap is introduced to mimic the presence of the surfactant layer.

The fundamental mode features an intensity distribution confined to the glass-AgNW interface
and principally at corners V4 and Vs (see Fig. 5(b)). Its effective index is estimated at
neg(BM) = 1.53. Two additional modes are sustained by the nanowire as shown in Fig. 5(c) and
(d). Previously reported as symmetric (longitudinal, SLM) and anti-symmetric (transverse, ALM)
modes according to the symmetry of the charge distribution [25], these modes are leaking radiation
into the substrate, and their effective indexes are neg(SLM) = 1.04 and neg(ALM) = 0.92 for the



Research Article Vol. 29, No. 10/10 May 2021/ Optics Express 15373 |
Optics EXPRESS A N \

symmetric and antisymmetric modes, respectively. In clear difference with the bound mode, the
field intensity distribution of the symmetric leaky mode is mainly found at the summit corner of
the nanowire V; and to a minor extent in V, and V3. For the antisymmetric leaky mode the field
concentrates at the two side corners V; and V3, but is also present at the corners in contact with
the substrate.

Hence, if an adsorbate would be situated on the nanowire’s upper surface, it would act as a
scattering center for the leaky modes, but would not affect much the propagation of the bound
mode as its field distribution is protected by the interface with the substrate. Furthermore, the
orientation of the leaky mode field lines (arrows in Fig. 5(c,d)) promotes the creation of strong
field-enhanced region located in the interstice separating the coupled system [42,43], which is
expected to be a strong contributor to the generation of a local N-PL secondary source. This is
experimentally shown in Fig. 3(c). In an attempt to vizualize the occurrence of a field enhancement
promoted by the adsorption of a nanoparticle we show in Fig. 5(e) the distribution of the field
intensity when a 150 nm spherical nanoparticle interacts with the bound mode propagating in
the nanowire. We take into account the presence of the surfactant layer observed in the SEM
images by introducing a 5 nm gap between the surface of the nanowire and the nanoparticle.
Clearly, the simulation unambiguously reveals the presence of a local field enhancement in
the gap region. Because N-PL is a nonlinear process, this localized enhancement at the pump
wavelength significantly increases the strength of the up-converted signal. The magnitude of
the enhancement evidently depends on many different parameters including the precise position
of the nanoparticle, its geometry as well as the nature of the propagating mode. A systematic
analysis of all these dependencies goes beyond the present reports.

4. Fourier plane analysis of the N-PL maps

Although real-space imaging gives useful information about the spatial distribution of the
light scattered by the nanowire, it does not reveal the complete set of information available.
Conveniently, the principles of Fourier optics allow mapping of the wave-vector distribution
(ky, ky) in a plane conjugate to the back focal plane of the objective [19]. Figure 6 shows the
Fourier planes at the pump and N-PL wavelengths corresponding to the bound and leaky mode
pumping of the nanowire #1 presented above. Object plane images are again displayed at the top
for guidance.

When the bound mode develops in the nanowire (Fig. 6(a), (b)), the two corresponding
Fourier planes exhibit considerably different patterns given the intrinsic dissimilarities of their
fundamental underlying emission mechanisms. At Ay, the interference fringes extending all along
ky/ko arise from the coherence of the process and the finite length of the nanowire. The fringes
become less clear as k,/ky decreases. This pattern is generally well reproduced by a chain of
dipoles oscillating at the pump frequency with a defined phase mimicking plasmon propagation
[22,45]. In contrast, the N-PL Fourier plane exhibits no interference (N-PL is an incoherent
process) and the emission is azimuthally restricted by the nanowire into two lobes oriented with
the reciprocal propagation axis. Essentially, the N-PL generated at the excitation end, which
represents the strongest response (see upper panel in Fig. 6(b)), is affected by the presence of the
nanowire which acts as an antenna by orienting the emission in a direction along its major axis
[46]. The vertical asymmetry towards —k,/kg is due to a residual misalignment of the laser spot
with respect to the center of the AgNW.

In Fourier space, a leaky mode is easily recognized by the presence of a thin straight line
transverse to the reciprocal direction of propagation as exemplified in Fig. 6(c). It results from
the strong confinement of the mode in the y-direction and thus contains a broad wave-vector
distribution in ky, [22]. The position of the line on the k, axis gives the effective index of the SPP
mode and the full width at half maximum (FWHM) encodes the propagation length and thus losses.
More precisely, the intensity of leakage radiation in k-space can be described by a Lorentzian
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Nanowire 1

Fig. 6. Fourier planes of the light collected at the pump wavelength and across the N-PL
spectrum for SPP developing in the 9 ym long Nanowire #1 for two modal pumping
conditions. Bound mode excitation: (a) Wave-vector distribution produced by the bound
mode excitation at A, (b) Corresponding wave-vector distribution measured across the N-PL
spectral range. The diffraction rings in (a) and (b) are scattering residues present on the relay
lenses and are not related to the mode. Leaky mode excitations: (c) Wave-vector distribution
measured at A, (d) Wave-vector distribution measured across the N-PL spectral range. The
zoomed frame in (c) is a higher contrast image at ky/ko ~ 0.93 revealing the presence of the
anti-symmetric leaky mode pointed by a red arrow. The upper panels are the corresponding
object plane images. Scale bars are 1 um.

distribution [38,44]. Here, the Fourier plane clearly exhibits a line at +k,/kyg = neg = 1.05 (black
arrow) in close agreement with the calculated symmetric leaky mode of Fig. 5(c). Additionally,
a weaker maximum of intensity is detected at n.g = 0.93 (see zoomed frame taken at the red
arrow location) and hints at the presence of the anti-symmetric leaky mode. The presence of a
faint fringe system towards the +k, semi-plane signals a residual bound mode propagating in the
nanowire.

Unexpectedly, the Fourier plane of the corresponding N-PL emission displayed in Fig. 6(d),
features two vertical lines symmetric with respect to k,/kop = 0. This is the signature of
propagating plasmons transported in the +x and —x directions with nearly equal amplitudes. The
explanation is as follows. The leaky plasmon propagating at the pump wavelength Ay travels in
the +x direction after being launched at the left extremity of the nanowire. A reflection of the
SPP mode at the right termination may occur, but the reflection coefficient is usually low [47-49]
and would not account for the balanced signal amplitude observed in Fourier space. However,
this pump leaky plasmon mode promotes the generation of a secondary nonlinear continuum at
a nanoparticle accidentally decorating the nanowire. In line with the discussion of Fig. 5, the
electric field lines attached to the leaky mode favor the creation of a local enhancement site
in the gap between the adsorbate and the nanowire surface, which acts as a secondary N-PL
local source. In the subsequent step, the local continuum couples equally to a new set of modes
propagating and leaking in the forward (+x) and backward (—x) directions as demonstrated by
the emission diagram. The efficiency of the coupling process is given by the distribution of
in-plane wave-vectors of the secondary N-PL source. As this source is localized, the wave-vector
distribution is very broad and contains the necessary wave-vectors for launching a spectrally
wide continuum of leaky SPPs.

Remarkably, the nanowire-particle system performs simultaneously wavelength and wave-
vector conversions and provides a mean to populate the complete modal structure of the nanowire.
From pump leaky plasmon modes transported in one direction (input), the system creates a new
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set of plasmon modes excited within the wavelength range of the N-PL and propagating in two
opposite directions.

To summarize the mechanisms discussed so far, Figs. 7(a,b) schematically depict the excitation,
propagation and emission processes taking place in the case of bound and leaky mode excitations
in the nanowire #1. In Fig. 7(a), the location of the adsorbate does not affect the propagation of
the bound mode at the pump wavelength. The N-PL generated under this excitation modality
is strong at the extremities. It is also distributed along the nanowire and results from a surface
effect locally promoted by the pump plasmon. When pumping the nanowire with a leaky mode as
depicted in Fig. 7(b), the nanoparticle introduces a visible disturbance of the mode recognized in
the leakage images. The effect of the nanoparticle is best observed on the N-PL distribution. The
field-enhancement created by the interaction with the pump field generates a strong secondary
N-PL source, which subsequently couples to leaky modes propagating in the nanowire away from
the nanoparticle.
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<
3
SPP bound mode  adsorbed (b) v &O’bo SPP leaky mode
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Fig. 7. Sketches of the linear and subsequent nonlinear secondary excitation, propagation
and emission processes occurring in the nanowire #1 studied above when the (a) bound
mode and (b) leaky mode are excited.

5. Additional modal conversion processes enabled by terminations and defects

In the following, we confirm the robustness of these conversions and present interesting additional
modal switching capabilities that could be tailored by adjusting the position of the enhancement
site and the thickness of the nanowire. Precisely defining the interaction volume of the nanowire-
particle junction and the activation of the hot-spot by the excited plasmon mode in the nanowire
is a difficult task: the circumstantial nature of the position, orientation and morphology of the
enhancement sites hamper a fair comparison between the studied junctions. The present work
should be seen as a starting point to engineer design rules for the next generation of man-made
arrangements.

Figure 8(a) displays a 6 um long AgN'W labeled as nanowire #2 in which the bound mode
is excited. An optical transmission image of the nanowire completes the figure at the top. The
parallel fringes in the corresponding Fourier plane presented in Fig. 8(b) corroborate the excitation
of a fundamental SPP mode transported towards the +x direction. The N-PL distribution of
this particular nanowire (Fig. 8(c)) features an intense response of the right termination despite
being excited at its left extremity. Akin to Fig. 6(d), the N-PL emission at this location acts as a
secondary source which can trigger the excitation of additional wavelength-converted SPP modes
in the nanowire. Because the N-PL radiates at the right end-face, only SPP modes propagating in
the (—x) direction may develop. The vertical line at —k, /kq in the N-PL Fourier plane of Fig. 8(d)
confirms the leaky nature of these secondary modes. Additional features in the —k, /kq half of the
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Fourier plane come from the localized emission of the enhancement site. Nanowire-nanoparticle
junctions have shown directional emission [50] in addition to the already mentioned antenna
effect steered by the nanowire. In this example, the conversion occurs from the fundamental
(bound) mode at 1y propagating towards +x to counter propagating (—x) higher-order (leaky)
modes with a large spectral content, i.e. we observe a modal division where a bound mode is
converted to spectrally-broad secondary leaky modes propagating in opposite direction. Clearly,
the precise position of the enhancement site plays a key role in this activation, which in this
case, is promoted by the termination itself. Figures 8(e), (f) summarize the analysis by showing
schematic representations of the linear bound mode excitation, propagation and subsequent
hot-spot activation and conversion into counter-propagating N-PL leaky modes.
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Fig. 8. Bound to leaky mode conversion in a 6 um AgNW. (a) Intensity distribution in the
nanowire when the SPP bound mode is excited. The laser is placed at the left end. A bright
field transmission image of the nanowire is displayed at the top. (b) Fourier plane of the
situation shown in (a). (c) Corresponding image of the N-PL distribution (1<700 nm) and
(d) its Fourier plane. Schematic sketches showing (e) the linear bound mode launched in the
nanowire #2 and (f) the strong N-PL response at the termination which couples to secondary
leaky modes within the N-PL spectral content.

As reported by Jia and co-workers [25], multiple plasmonic modes can be simultaneously
excited under certain polarizations of the excitation laser. However, such approach is not
convenient for advanced functions and practical applications which require local and direct
control of the supported plasmonic modes in the nanowire [8,51]. Alternatively, this single-
to multi-mode conversion can be readily achieved by introducing a local structural defect in a
thick enough nanowire and by activating its broadband nonlinear response as demonstrated in
the following example. Figure 9(a) displays the intensity distribution at 1y when a leaky mode
propagating in the x-direction is excited on the AgNW labeled here as nanowire #3. The Fourier
plane of Fig. 9(b) reveals the typical line and signature of the mode at +k,/kyp ~ 1.05. Even
though an additional leaky mode may be possibly excited, the absence of beating in the intensity
distribution along the lateral edges of the nanowire suggests that its contribution is negligible.
An abrupt loss of the leakage signal is observed close to the distal end of the nanowire and is
indicated by the pointing white arrow in Fig. 9(a).

Looking now at the resulting N-PL distribution, Fig. 9(c) features two intense emission spots.
One positioned at the excitation location and a second, equally intense, located at the site identified
by the dim region in Fig. 9(a). At this point of the discussion, we recall the analysis about the
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Fig. 9. Single to multi-mode conversion in a 12 ym long AgNW. (a) Wide-field image
of the pump leaky mode excited by placing the laser beam at the left end of the nanowire.
Top: A bright-field transmission image of the same nanowire. (b) Corresponding Fourier
plane image of the leakage at Ay. (c) Corresponding N-PL emission (1<700 nm) for the
excitation condition shown in (a). The image is saturated at the bottom frame to highlight
the emission located on the edges. (d) N-PL Fourier plane of (c). The frame on the right of
(d) is a zoomed view of the area showing the signature of two supported secondary leaky
modes. (e) (f) Schematic sketches of the situations shown in (a) and (c).

efficiency of the N-PL generation at the excitation input. The N-PL intensity produced at the
focus is often comparable to hot-spot responses distributed along the nanowire in spite of being
directly excited by the laser (see Fig. 3(c),8(c),9(c)). On the one hand, nanoparticle-nanowire
junctions provide greater enhancement factors than any other locations [12] as confirmed by the
simulation already shown in Fig. 5(e). On the other hand, the N-PL yield is given by the specific
overlapping of the pump optical fields with the nanowire extremity as well as the morphological
particularities of the end facet of the nanowire. Essentially, the focus position providing an
optimal excitation of the leaky SPP mode does not necessarily match that of the maximum local
N-PL generation.

Increasing the contrast of the nonlinear real plane image (see bottom frame of Fig. 9(c)), reveals
a beating of the intensity along the structure which alternates between the upper and lower edge of
the AgNW with a period approaching the length of the nanowire. This is in close similarity with
the zigzag pattern exhibited when several plasmonic modes superpose [25,52]. The corresponding
N-PL Fourier plane of Fig. 9(d) confirms the presence of several secondary leaky modes. Firstly,
by the single line at +k,/kg ~ 1.05 and secondly by the two straight lines in the —k, semi-plane
at specifically —k,/kg ~ —1.03 and —k,/kg = —1.09 (see zoomed frame on the right hand side
of the Fourier plane). The contribution of +k,/ky is weaker than the two modes observed at
—k, [ ko because the defect is placed at a few micrometers from the right termination. The mode
cannot fully develop in this short nanowire section [20]. In this example, the enhancement site
induces a modal switching, from a single leaky mode at the pump wavelength (+x-direction) to
multiple up-converted secondary leaky modes launched by the defects and propagating in both
directions. Finally, Fig. 9(e), (f) sketch the linear leaky mode excitation and the conversion to
multiple nonlinear leaky modes mediated by the nanowire-nanoparticle junction of nanowire #3.
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Now, the beating period Apeye Observed in Fig. 9(c) is related to the propagation constants of
the two modes and thus depends on the nanowire parameters such as width and environment
medium. In terms of effective indexes of the leaky modes just extracted above and considering
for simplicity an intermediate wavelength within the N-PL detected range at 4 = 600 nm, the
beating writes [8]

A

(1) (2)
neﬁ - neﬁ

Apeat = ~ 10 Hm 2
which is not too far from the observed pattern of Fig. 9(c). Nevertheless, this value must be
cautiously examined and considered only as a reference. The complete set of plasmon modes
developing in the AgNW and spanning throughout the N-PL wavelengths is not being taken
into account here. The effective indexes are numerically calculated in Fig. 10 for 4 = 600 nm
and compared with the values obtained in the experimental Fourier plane of Fig. 9(d), which
measures the signal over the N-PL spectral range (1<700 nm). The blue curve in Fig. 10(a)
shows the calculated two-dimensional local density of states (2D-LDOS) in wave-vector space
and is a direct way to represent the eigen modes and their effective indexes.
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Fig. 10. (a) The blue curve represents the calculated 2D-LDOS for a 500 nm wide pentagonal
AgNW at 4 = 600 nm. Points indicate the profile extracted from the Fourier plane of
Fig. 9(d). The profile is completed with Lorentzian fits (dashed curves). Colored arrows
point to the location of the peaks. (b) and (c) display the cross-sectional field distribution of
the two leaky modes calculated at 4 = 600 nm.

Two modes are present in the simulation at &, /ky = —1.07 and &, /ky = —1.02. The analysis
is completed by the cross-sectional field distribution of the two modes in Fig. 10(b) and 10(c)
showing similar patterns to those of Fig. 5(c) and 5(d) respectively.

Let us now compare the simulations for a single wavelength (blue curve, 4 = 600 nm) and the
profile of the experimental Fourier plane of Fig. 9(d) which comprises the entire N-PL spectral
range (black points, <700 nm). The data points are fitted by two Lorentzian fits (dashed curves).
The experiment reveals wider peaks compared to the simulation as a consequence of the broad
spectral content of the N-PL and the increased losses associated with lower wavelengths. This
confirms the propagation of multiple secondary leaky plasmons launched at different wavelengths,
propagation lengths and effective indexes. The shift between the eigen mode indexes and the
measured data is explained by the difference between the simulated section and the real nanowire’s
dimensions [20], which are not precisely known.
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6. Conclusions

‘We show that modal surface plasmon conversions and nonlinear broad-band wavelength conversion
may be promoted by silver plasmonic nanowires decorated by adsorbed nanoparticles. The
excitation of the coupled nanowire—nanoparticle system by a pump plasmon mode locally triggers
an enhanced electromagnetic field acting as a secondary source emitting a spectrally-broad
nonlinear photoluminescence. The confined nature of this secondary source enables the excitation
of additional sets of plasmonic modes sustained by the nanowire and not present at the pump
wavelength. We find that modal switching is sensitive to the characteristic of the pumping mode
and its particular field distribution.

Modal and wavelength conversions are crucial for the design and implementation of plasmonic
circuits. The different spatial distributions of the nonlinear responses discussed here may be
deployed advantageously. Evidently, modal and wavelength conversion efficiencies at the adsorbed
species depend on the precise geometry of the spot generating the nonlinear continuum. Future
investigations will focus on the effect of the particle size and position on the optical responses as
well as on quantifying the coupling efficiency and modal conversion. The wave-vector distribution
and polarization state of the secondary emission are key aspects to be further explored. Our work
serves as an initial guide to engineer design rules in the next generation of devices. Controlling
the different processes by for instance fabricating man-made nano-scale scatterers at precise
positions may enable a greater degree of switching and routing tasks in nanowire-based network
devices. More complex systems made out of multiple branched nanowires are also conceivable
and would provide access to full directional wavelength and modal multiplexing.
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