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Effect of substrate discontinuities on the
propagating surface plasmon polariton modes
in gold nanobars+

Paul Johns, I Kuai Yu,} Mary Sajini Devadas, Zhongming Li, Todd A. Major and
Gregory V. Hartland*

The surface plasmon polariton (SPP) modes of gold nanobars (nanowires with rectangular dimensions)
have been investigated by scanning pump—probe microscopy. In these experiments the nanobars were
suspended over trenches cut in glass coverslips, and propagating SPP modes were launched in the sup-
ported portion of the nanobar by focusing a near-IR pump laser beam at the end of the nanobar. Transi-
ent absorption images were then collected by scanning the probe laser over the nanobar using a galvo-
mirror system. The images show that the trench has a large effect on the SPP modes, specifically, for
approximately half the nanowires the propagation length is significantly reduced after the trench. Finite
element calculations were performed to understand this effect. The calculations show that the pump
laser excites bound and leaky modes (modes that have their fields localized at the nanobar/glass or
nanobar/air interfaces, respectively) in the supported portions of the nanobars. These modes propagate
along the nanobar. When they meet the trench their field distributions are altered. The modes that derive
from the bound mode are strongly damped over the trench. Thus, the bound mode is not reconstituted
on the opposite side of the trench, and only the leaky mode contributes to the signal. Because the bound
and leaky modes can have different propagation lengths, the propagation lengths measured in our experi-
ments can change from one side of the trench to the other. The results show how the substrate can be
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Introduction

Extended metal nanostructures, such as surfaces, wires or
plates, can support Surface Plasmon Polariton modes (SPP
modes), which are electromagnetic waves that propagate at the
metal-dielectric interface."” The properties of the SPP modes
depend on both the metal and the dielectric. For example, the
mode symmetries, propagation lengths and wave vectors are
different for metal nanowires in a homogeneous environment
compared to nanowires supported on a substrate.*’ Structure
in the surface of the metal film or the supporting dielectric
can also scatter the SPP modes, so that it is possible to engi-
neer surface features to control their propagation.®*® SPPs also
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engineered to control the SPP modes in metal nanostructures.

undergo mode conversion when encountering bends or
branches.” In this process the electric and magnetic fields are
redistributed around the nanowire. This effect has been used
by various groups to create SPP power splitters,>® aid trans-
mission of SPPs over long distances,>" and to demonstrate SPP
logic operations and circuit functions.>* Mode conversion also
occurs when metal nanostructures are brought from a homo-
geneous environment onto a substrate, or vice versa. Under-
standing how SPPs interact with structured substrates is
important for controlling SPP motion and developing plasmo-
nic devices and sensors.' ¥

Most of our understanding of how SPPs interact with
different dielectric substrates has come from theoretical
studies.”® Experiments have been limited, primarily because
it is difficult to do repeated measurements on the same
structure in different environments. Recently, we developed
a technique to measure SPP propagation using pump-probe
microscopy.”®?” In these experiments SPP modes are excited
by focusing the pump laser at the end of the nanowire.***
Scanning the probe laser over the structure while holding the
pump fixed then yields an image of the SPP motion, which
provides information about the propagation length and how
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the modes couple to different structures.”’” This technique
provides a simple and repeatable way of interrogating SPP
propagation in metal nanostructures and, as will be shown
below, investigating substrate effects. Compared to other
techniques for studying SPP motion, it is easier to implement
than near-field experiments,>® provides more quantitative
information than light scattering measurements,”®*? and
allows multiple experiments on the same structure — which
can be difficult in fluorescence detection measurements due
to dye bleaching.?®*?

In this study we use pump-probe microscopy to investigate
propagation and mode conversion of SPPs in gold nanobars
(nanowires with roughly rectangular cross-sections, lateral
dimensions of hundreds of nanometers, and lengths of tens of
microns) that were suspended over a trench in a glass surface.
Only nanobars that span the trenches were interrogated. For
these structures, two types of SPP modes are launched when
the pump laser is focused on the end of the nanobar: a bound
mode (designated as Hy) that propagates at the Au/glass inter-
face, and a leaky mode (designated as H,) that propagates at
the Au/air interface.”?”*®*” The transient absorption images
provide information about the mode that has the longest
propagation length. The relative propagation lengths of the
bound and leaky modes depend on the dimensions of the
nano-object.’” Previously we found that in general the leaky
mode H, has a longer propagation length and is detected
in transient absorption measurements on larger nanobars
(widths greater than 500 nm), whereas, the bound mode H,
has a longer propagation length and is detected in smaller
nanobars.”” However, the exact value of the propagation length
also depends on factors such as the aspect ratio of the
nanobar (width divided by height), and the radius of curvature
at the edges.”” Here we show that discontinuities in the glass
substrate have a strong effect on these SPP modes, causing
changes in both the intensity and the form of the modes. The
results from the experiments were compared to finite element
calculations.”?”**% The calculations show that the bound
mode is strongly damped over the trench, so that only the
leaky mode is present on the far side of the trench. These
results show how the substrate can be manipulated to create
systems that support specific SPP modes.

Materials and methods

The gold nanobars used in this study were chemically syn-
thesized using a modified literature protocol.* Briefly, 60 mL
of n-pentanol with 1.5 g of solid polyvinylpyrrolidone (PVP,
My = 40000 g mol™") was added to an Erlenmeyer flask, and
stirred at room temperature for 30 min. 1.5 mL of a 0.024 M
ethanol solution of HAuCl,-3H,0 was slowly added down the
side of the flask over 5 minutes. This was followed by the drop-
wise addition of 1 mL of 0.01 M HAuCl,-3H,0. After stirring
for 5 min, the mixture was heated at 95 °C in an oil bath, and
kept at constant temperature for 24 hours. After the heating
was discontinued, the solution was left undisturbed for four
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days. The obtained product was washed with ethanol three
times by centrifugation and ultra-sonication. The washed
samples were saved for later characterization and analysis. The
gold nanobars produced have mostly rectangular -cross-
sections, with size distributions of 600 + 220 nm, 380 + 140 nm
and 15 + 4 um for the width, height and length, respectively
(errors equal standard deviation).”” Representative Scanning
Electron Microscopy (SEM) images of the sample are presented
in the ESI 1 and SEM and Transmission Electron Microscopy
images are presented in ref. 27. These images show that other
shapes (such as nanobars with approximately pentagonal
cross-sections) are also present in the sample.

The trenches were fabricated on the glass coverslips by
photolithography and reactive ion-etching. The dimensions of
the trenches were measured to be several hundred nm deep
and several pm wide. Trenches with different widths were
made during fabrication. The gold nanobars were spin-coated
onto the glass substrate, and some of the gold nanobars were
suspended over the trenches by chance. These nanobars were
located by observing light scattering from the sample. Selected
nanobars were examined by Atomic Force Microscopy (AFM) or
SEM measurements. Representative AFM and SEM images of
nanobars supported over trenches are shown in Fig. 1. For the
SEM experiment in Fig. 1, the sample was first coated by a thin
layer of Ir to avoid charging - these coated samples were not
used in the optical measurements. Correlated transient
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Fig. 1 (a) Representative AFM image of a suspended gold nanobar over
a trench on a glass substrate. (b) SEM image of a different nanobar. (c)
Diagram of the experimental system. APD = avalanche photodiode; POL
= polarizer; GSM = galvo-scanning mirror system; DC = dichroic mirror;
AOM = acousto-optic modulator; 1/4 = quarter-wave plate; 4f = 4f lens
system.
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absorption/AFM measurements were performed by creating
alignment markers on the glass substrate using microfabrica-
tion. Note that the AFM images give reliable information
about the height and length of the structure, but are not accu-
rate for analysis of the shape or width. Thus, only length and
height information is given in the Figures presented below.

The scanning pump-probe microscopy experiments were
performed using a Ti:sapphire oscillator/OPO laser system
(80 MHz repetition rate). A diagram of the experimental setup
is shown in Fig. 1(c), and has been described in detail
earlier.>®?” The pump beam was tuned to 800 nm and the
probe beam from the OPO was 570 nm. The two beams were
combined with a dichroic mirror, and then focused at the
sample with a high numerical aperture oil immersion objec-
tive (NA = 1.3). The experiments were performed in reflection,
with an avalanche photodiode (APD) to detect the probe. A
lock-in amplifier in conjunction with high frequency (400 kHz)
modulation of the pump beam was used to extract the small
change in reflectivity of the probe beam induced by the pump.
The time delay between the pump and probe beams was con-
trolled by a translation stage. In these experiments, the timing
was set so that the pump and probe pulses are temporally
overlapped. This maximizes the signal, and ensures that
the measurement is not affected by processes such as heat
diffusion along the nanobar. Half-wave plate/polarizer combi-
nations were used to control the power of the pump and probe
beams. The pump beam was linearly polarized and the polari-
zation was aligned to be parallel to the long axis of the
nanobar, while the probe beam was made circularly polarized
with a quarter-wave plate. This allows us to pick-off the
reflected probe with a polarizer - see Fig. 1(c). The pump and
probe powers were kept below 800 pW and 200 pW, respecti-
vely. Under these conditions, the signal was stable and
no melting or reshaping of the nanobars was observed, as
confirmed by AFM measurements. Scattered light images of
the nanobars were recorded with a CCD camera.

Propagating SPP modes were excited by focusing the pump
beam at the end of a nanobar. To image SPP motion, the
probe beam was spatially scanned relative to the pump beam
using a two-dimensional galvo-scanning mirror (GSM)
system.”® A 4f lens system was constructed before the micro-
scope using two 250 mm focal length lenses to direct the
probe beam from the GSM to the back aperture of the objec-
tive. Typically, a 20 x 20 pm* image was recorded. The SPPs
travel along the wire and as they move they dephase and
create electron-hole excitations. The electron-hole excitations
produce a transient absorption signal, and the number of
electron-hole pairs depends on the SPP field strength.?” Thus,
the transient absorption signal gives a direct measurement of
the SPP field at a given position on the nanobar. The propa-
gation lengths of the SPP modes were determined by taking
line profiles along the nanobar, and fitting the transient
absorption signal to an exponential decay. Sometimes we were
not able to accurately fit the data to get a reasonable propa-
gation length. In these cases the fit and propagation length
were omitted.

This journal is © The Royal Society of Chemistry 2014
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COMSOL Multiphysics® (v4.4) was used to simulate in-
finitely long nanobars suspended in air or over a glass surface
(index of refraction = 1.5), with gaps between the glass surface
and the nanobar varying from 0-1500 nm. The simulations
were performed on nanobars with square cross-sections with
widths of 400 nm, 600 nm or 900 nm, and also on nanobars
with a pentagonal cross-section. An interpolating function for
the relative permittivity of gold was setup in COMSOL, using
data from Johnson and Christy.* The glass and air layers were
truncated using perfectly matched layers to eliminate reflec-
tions, and the corners of the nanobar were typically rounded
with a radius of curvature of 10 nm. This rounding provides a
more realistic geometry and avoids artifacts in the finite
element analysis. The calculation domains were meshed with
a custom triangular mesh and the mesh size was adjusted
to ensure convergence of the propagation constant, which
is defined as a wave vector k, = f# + ia, with § and a being the
phase and attenuation constants, respectively. The wave
vectors for each mode were determined using the mode ana-
lysis study in COMSOL. The propagation length of a given
mode can be found as L = 1/(2@).”*®

Results and discussion

Fig. 2 shows a transient absorption image of SPP propagation
in a representative gold nanobar suspended over a trench.
Fig. 2(a) displays a scattered light image of the nanobar
recorded with a lamp, and the corresponding AFM image
that gives the nanobar dimensions is presented in the inset.
The AFM image shows that the nanobar has a height of
340 + 20 nm and a length of 20 pm, and that the trench has
a width of 3 pm. A scattered light image of the SPP modes is
presented in Fig. 2(b). In this experiment the SPPs were
launched by focusing the 800 nm pump laser beam at the
right end of the nanobar, and the scattered laser light was
recorded with the CCD camera.”®*®*" For the nanobar in

d)
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54 +0.7 pm
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Length (um)

Fig. 2 (a) White-light image of a gold nanobar suspended on a trench.
Inset: AFM image of the gold nanobar. The nanobar has a length of
20 pm and a height of 340 + 20 nm, and the trench is 3 um wide. (b)
False color scattered light image of the SPP modes for the nanobar. (c)
Transient absorption image with pump excitation parallel to the long
axis of the nanobar. (d) Line profile of the signal extracted from the
image in panel (c). Note that the intensities are on a log scale. Fits to the
data (red lines) give estimates of the SPP propagation lengths (which are
given in the Figure).
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Fig. 2, the leaky mode can be observed on both sides of the
trench in the form of two lines located on either side of the
nanobar.’®** The trench clearly causes some light scattering
(conversion of the SPP modes into photons), and attenuates
the leakage radiation emitted by the nanobar. Fig. 2(c) shows a
transient absorption image of SPP propagation in the nanobar
recorded for the pump laser parallel to the axis of the
nanobar, and Fig. 2(d) shows a line profile of the signal along
the nanobar. Note that the signal is on a natural log scale for
both these panels, and also that the signal is smaller over the
trench. This is because there is less reflection of the probe
over the trench (see Fig. 2(a)).

The transient absorption data in Fig. 2(c) and (d) shows
that the trench has a large effect on the intensity of the signal
created by the SPP modes, as well as their propagation
length. The propagation lengths in the different regions of
the nanobar were determined by fitting the line profile to an
exponential decay. For the supported portions of the nanobar
the propagation length changes from 12.1 + 0.8 pm on the
side near the pump beam, to 5.4 + 0.7 um on the opposite side
of the trench. Note that the change in the propagation length
does not depend on whether the nanobar is excited on the left
or right. This is demonstrated in Fig. 3, which shows transient
absorption images and line profiles for an experiment where
the pump laser was positioned at either end of a different
nanobar. The change in propagation length for the supported
portions on either side of the trench is unexpected, and shows
that there is a change in the SPP mode being detected. The
propagation length is also different over the trench, but this is
less surprising as nanobars in a homogeneous environment
support different SPP modes - which have different propa-
gation lengths - than nanobars on a substrate.”>”34

Ln (Signal)

0 2 4 6 8 1012 14 16 18
Length (um)

0 2 4 6 8 10 12 14 16 18
Length (um)

Fig. 3 (a) Scattered light and AFM images of a gold nanobar suspended
over a trench. The nanobar has a length of 13 pm and a height of 590 +
20 nm, and the trench is 4.8 ym wide. (b) Transient absorption
microscopy images of the gold nanobar with pump laser excitation at
either end of the structure. The pump polarization was parallel to the
long axis of the nanobar. (c) Line profiles of the signal extracted from
the images in part (b). The data shows that for this nanobar the SPP
propagation length is significantly shorter on the far side of the trench,
irrespective of which end is excited.
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Fig. 4 (a) Scattered light and AFM images of a gold nanobar suspended
over a trench. The AFM image gives a length of 6.6 pum for the nanobar
and a height of 310 + 10 nm. The trench is 2.5 pm wide. (b) Transient
absorption images with pump excitation parallel to the long axis of
the nanobar. (c) Line profiles of the signal extracted from the images in
part (b).

Note that not all the nanobars investigated show differences
in the propagation length for the two sides of the trench.
Fig. 4 shows an example where the propagation length is
similar on both sides of the trench. For the nanobar in Fig. 4
there is also a smaller loss in signal across the trench.

The observation that the propagation length for the sup-
ported portion of the nanobar can be different on the near and
far sides of the trench is the major result of this work. Quali-
tatively, this result can be understood in the following way: the
pump laser excites both the bound and leaky modes, and the
transient absorption signal reports on the mode with the
longest propagation length — which can be either the bound or
the leaky mode.>” The SPP scattering image in Fig. 2(b) shows
that the leaky mode can propagate across the trench. Assum-
ing that the bound mode is strongly attenuated by the trench,
cases where there is a change in propagation length on the two
sides of the trench can be explained by the bound mode domi-
nating the signal on the near side of the trench, and the leaky
mode dominating on the far side. In contrast, cases where the
propagation length is the same on both sides of the trench
could arise when the leaky mode dominates the signal on both
sides of the trench, or the bound and leaky modes have
similar propagation lengths (which can happen for certain
dimensions, see ref. 27).

To provide a more quantitative understanding of SPP
propagation in these systems, finite element calculations were
performed for nanobars suspended above a glass surface with
gap sizes ranging from 0-1500 nm between the bar and the
surface. By gradually varying the size of the gap, the way the
SPP modes are transformed when they reach the trench can
be studied. For these calculations a mode analysis was done in

This journal is © The Royal Society of Chemistry 2014
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Fig. 5 Field plots for a selection of the different modes for a square nanobar with an edge length of 600 nm at different gap sizes (intensities are on
a log scale). The white horizontal line indicates the air/glass interface. Beginning at 75 nm gap size, the Hyo mode breaks into several branches, each
involving both the nanobar and the glass to varying degrees. For the modes derived from the Ho mode, the branch with the lowest $ value trans-
forms into the E‘%Y mode (black line in panels (b) and (c)). The H, mode transforms into the E‘>®) mode with increasing gap size (red line), while the

Hs mode transitions to the Lo

mode (blue line). (b) Phase constants and (c) propagation lengths for the SPP modes. (d) Field plots for four selected

branches of the Hy mode presented over a larger size range to show the contribution from the glass.

COMSOL and, from this, the complex wave vector of each
mode was determined, giving values for the propagation con-
stant f# and the propagation length. Fig. 5 shows field plots
and values for f and the propagation length Lgpp for the
various modes supported by a nanobar with a square cross-
section and a width of 600 nm, which corresponds to the
average width of the nanobars interrogated in our experiments.
Data for square nanobars with widths of 400 nm and 900 nm
can be found in the ESL ¥

The field patterns for the different modes are shown in
Fig. 5(a) for a selection of different gap sizes. The modes are
labeled by their p/k, values at a gap size of 400 nm, the smal-
lest distance at which # remains relatively constant (see Fig.
5(b)). When the nanobar is in contact with the substrate (0 nm
gap size), the modes can be identified and labeled using the
nomenclature for substrate supported nanowires: that is, as
H,, H;, H,, and H;.”?” Note that the H, mode has a cutoff
value and is not found for nanobars with widths of 400 nm or
600 nm (images of the H; mode for a 900 nm wide square
nanobar are presented in the ESI}). Similarly, at large gap
sizes the modes can be identified and labeled using the
nomenclature for square SPP waveguides in a homogeneous
environment: E©%, g0 g®Y and gV 434 plotting the
values of f# as a function of gap size, and examining the field
plots, allows us to determine how the SPP modes for the sup-
ported nanobars transform when they meet the trench. First,
the H; mode transitions into the E®® mode with increasing
gap size. This can be seen by following both the f/k, and Lgpp
values as a function gap size, and from inspecting the field
plots. This mode is excited when the probe laser is perpen-
dicular to the long axis of the nanobar, and is not relevant to
our experiments. Likewise, the leaky mode (H,) transforms
into the E®” mode. As the gap between the nanobar and
the glass increases, the field for the leaky mode becomes less

This journal is © The Royal Society of Chemistry 2014

localized at the top of the nanobar, and begins to spread out,
eventually becoming symmetric around the nanobar. At large
gap sizes the field distribution is analogous to that for the
E(®% mode. In contrast, the bound mode transforms into a
series of modes with different f/k, values.

Fig. 5(d) shows mode plots, beginning at a gap size of
75 nm, for several of the modes that are connected to the
bound mode (the modes are again labeled by their pf/k,
values). These plots are over a larger area than those in Fig.
5(a), to emphasize the role of the substrate. The different
branches involve different contributions from the glass
substrate and the gold nanobar. The branch with the lowest
B value (B/k, ~ 1.03) evolves into the E" mode as the gap
Note we were not able to identify the
Plko = 1.03 mode for gap distances smaller than approximately
200 nm. Fig. 5 shows that at gap sizes greater than 400 nm,
only the f/k, ~ 1.03 mode has a significant contribution from
the nanobar. Thus, this mode would be the one that primarily
contributes to the transient absorption signal over the trench.
For all the other modes that derive from the H, mode, the
fields become localized in the glass. The size of the gap
required for the fields to become localized in the glass
depends on the width of the nanobar. For smaller nanobars
this localization occurs at a smaller gap size, and for larger
nanobars it occurs at a larger gap size (see ESIT). Note that
there are many more glass modes than those shown in Fig. 5.
The modes presented here are the ones that we can connect to
the bound mode. Also note that the f/k, ~ 1.03 mode that
derives from the bound mode is leakier than the leaky mode,
that is it has a smaller propagation constant than the H,
mode,*” for gap sizes larger than 200 nm.

At large gap sizes (greater than 1500 nm), the modes that
involve fields in the nanobar have phase constants and propa-
gation lengths identical to those for the E®, E®Y and E®?

size increases.
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modes for a nanobar in air, see Fig. 5.*>** At this gap size the
glass substrate has no effect on the SPP modes of the nanobar.
For the gap sizes relevant to our experiments (several hundred
nm), all of the modes that are derived from the bound mode
have short propagation lengths (less than 3 pm) and, thus, will
be strongly damped over the trench. This implies that the
bound mode will not survive the interaction with the trench.
On the other hand, the propagation length for the mode that
derives from the leaky mode (H,) is on the order of 5-10 pm
for gap sizes of a few hundred nanometers. Thus, this mode
will survive the 2.5-5 pm wide trenches, albeit with some
damping.

The theoretical analysis presented above provides the fol-
lowing picture for the fate of the bound and leaky modes as
they interact with the trench: The leaky mode transforms into
a mode that has a similar form as the E®® mode for a
nanobar in a homogeneous environment. When this mode
reaches the opposite side of the trench, it converts back to the
leaky mode, but with some attenuation due to Joule losses that
depend on the exact dimensions of the nanobar and the
trench depth. In contrast, the bound mode is transformed into
a series of modes that involve both the glass and the nanobar.
These modes are strongly damped and do not survive across
the trench, which means that the bound mode is not reconsti-
tuted on the opposite side of the trench. Thus, in our transient
absorption experiments the leaky mode is always measured
on the far side of the trench, but either the leaky or the
bound mode can dominate the response on the near side —
depending on which has a longer propagation length.*”

Our previous simulations for rectangular nanobars on a
glass surface showed that the bound mode has a longer propa-
gation length than the leaky mode, and therefore is expected
to dominate the transient absorption response, for nanobars
with heights less than approximately 500 nm,>” whereas, the
leaky mode dominates (has a longer propagation length) for
larger nanobars. (The exact values also depend on the aspect
ratio and the radius of curvature of the structure.>’) Using the
analysis given above, the results in Fig. 2 can be explained as
follows: this nanobar is a relatively small structure where the
bound mode has a longer propagation length than the leaky
mode over the glass (see Fig. S47). The bound mode dominates
the signal on the near side of the trench (because it has a
longer propagation length), but it is strongly damped by the
trench, causing a change in the measured propagation length
from long to short across the trench. Likewise, the data in
Fig. 4 can be explained as arising from a structure where the
dimensions (height, aspect ratio and radius of curvature at the
edges) are such that the leaky mode has either a similar or
longer propagation length than the bound mode for the struc-
ture on glass.>” In this case there would be no change in the
measured propagation length from one side of the trench to
the other.

However, using this logic, it is difficult to explain cases
such as those in Fig. 3 and Fig. S1 in the ESI, T where a change
in propagation length is measured for nanobars with larger
sizes. This implies that another effect is playing a role in these

14294 | Nanoscale, 2014, 6, 14289-14296

View Article Online

Nanoscale

35+
d
30

25
S 20-

& 15 \
{2 1
10
5_!

0 T T T 1
0 400 800 1200 1600
Gap Size (nm)

Fig. 6 Propagation lengths Lspp for the SPP modes of a pentagonal
nanobar with a height of 590 nm and a 75 nm radius of curvature at the
edges. This height is consistent with the AFM measurements for the
nanobar in Fig. 3. For the modes of the suspended nanobar that derive
from the bound mode, the mode with the largest contribution from the
nanobar is shown as a thick black line, while the other branches are
shown as thinner black lines. Field plots for the modes for the nanobar
on the glass surface, and for a large gap size are also shown. These
modes are consistent with those discussed in ref. 36.

measurements, and we believe that this is shape. SEM images
of the samples used in these experiments show that there are a
variety of different shapes present, see the ESIT and also ref. 27.
To investigate the effect of shape, simulations for a pentagonal
nanobar were performed and are presented in Fig. 6. This is a
common shape seen in chemically synthesized nanowires.*”™*®
The dimensions in the FE simulations were chosen to match
those of the nanostructure in Fig. 3. For the supported
structure in Fig. 6 (0 nm gap), the bound mode localized at the
metal/glass interface has a longer propagation length than
the mode at the metal/air interface. Like what happens for the
square nanobars, the bound mode breaks up into a series of
modes over the trench, that are strongly damped. These modes
will be extinguished by the trench. The mode at the metal/air
interface transforms into a more symmetric mode over the
trench, that has a propagation length that is long enough
to survive the trench. Thus, in this system the measured
propagation length in the transient absorption measurements
would change from long to short across the trench, consistent
with the results of Fig. 3.

Summary and conclusions

We have used scanning pump-probe microscopy and finite
element analysis to examine how SPP modes in chemically syn-
thesized gold nanobars propagate across trenches in a sub-
strate. In these experiments both the bound and leaky modes
are launched in the supported portion of the nanobar. When
these modes reach the edge of the trench they transform into
modes that involve the nanobar (for the leaky mode) and the
nanobar and the surface (for the bound mode). The modes in

This journal is © The Royal Society of Chemistry 2014
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the trench region that are derived from the bound mode are
strongly damped, and do not reach the other side of the
trench. Thus, the trench effectively eliminates the bound
mode, so that on the far side of the trench only the leaky
mode is present. This work shows how the substrate can be
engineered to control the form of the SPP modes in metal
nanostructures, which is relevant both to creating plasmonic
devices that perform different functions and for amplifying
SPP modes in metal nanostructures.
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