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ABSTRACT: We explore the potential of plasmonic nanowires for
ultrafast photonics by comparing the properties of the guided surface
plasmon polariton (SPP) to that of the mode guided in a silicon nanowire.
For this purpose, we combine ultrafast near-ﬁeld microscope measurements
of gold nanowires with mode simulations to study modal properties such as
mode width, propagation length, fundamental mode cutoﬀ, group velocity
dispersion, and third-order dispersion coeﬃcients. Using this information
we show that, for ultrashort-pulse propagation, plasmonic waveguides can
outperform their dielectric counterparts. In particular, we demonstrate that
the ohmic losses, which are unavoidable in the gold nanowire, cause less
peak amplitude decay as ultrashort pulses propagate than do the high
dispersion and the presence of a mode cutoﬀ.
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I

Recent research has raised hopes that plasmonic waveguides
might be a viable platform for ultrashort-pulse propagation. Not
only have the dispersion relations of various plasmonic
waveguides been calculated and measured,27−29 but pulse
propagation on these structures has also been studied.30−33
From these and other measurements, the group velocities of the
diﬀerent plasmonic modes have been determined31,34 and even
used for spatiotemporal control experiments.35,36 However,
while many of the properties of plasmonic waveguides are
known, it remains unclear exactly how ultrashort pulses behave
and reshape as they propagate on such structures. More
importantly, it remains to be shown whether there are regimes
of pulse propagation where plasmonic waveguides can
outperform their dielectric counterparts.
In this article we explore ultrashort-pulse propagation on
plasmonic nanowires to demonstrate their potential for ultrafast
photonics on subwavelength dimensions. We use a series of
near-ﬁeld measurements in conjunction with ﬁnite-element
method (FEM) calculations to investigate the properties of the
plasmonic modes on Au NWs. We then compare these
properties of the plasmonic modes to those found on dielectric
waveguides. We show that while the plasmonic waveguides
outperform their dielectric counterparts in the achievable
spatial conﬁnement, the plasmonic mode suﬀers from a ﬁnite
propagation length and a lower group index. We demonstrate,
however, that the SPP guided in the Au NW experiences much
less dispersion than light guided in a Si NW. In particular, the
decrease in peak intensity due to temporal pulse reshaping in a
dielectric waveguide can be stronger than the decrease due to

n the past several years guided plasmonic modes of metallic
nanowires (NWs) have emerged as a promising basis for
nanophotonic circuits.1 Interestingly and in stark contrast to
conventional dielectric waveguides, decreasing the geometric
cross-section of the NWs results in an increased conﬁnement of
the plasmonic mode.2 This increased spatial conﬁnement,
which has been demonstrated for various geometries,3−6 allows
for subwavelength guiding7 and leads to local ﬁeld enhancements that are beneﬁcial for, for example, nonlinear optics,8
single-molecule sensing,9 or strong interaction with quantum
emitters. 10 In addition, it has been predicted 11 and
experimentally demonstrated12 that as surface plasmon polaritons (SPPs) are conﬁned, they also slow down. Such a
slowdown is beneﬁcial for applications in telecommunication,
as it enhances light−matter interactions,13 allowing for
elements with smaller footprints.14
Currently, most photonic devices rely on dielectric waveguides, such as ridge or photonic crystal waveguides, rather
than plasmonic waveguides.15−19 These dielectric structures do
not suﬀer from the inherent ohmic losses found in plasmonic
materials. Nevertheless, the guided mode of dielectric waveguides does experience geometrical dispersion in addition to
the intrinsic material dispersion. In contrast, the dispersion of
plasmonic structures is dominated by their material dispersion,
and it has been predicted that they can support the broad
bandwidth necessary to exhibit sub-femtosecond dynamics.20,21
In fact, high harmonic generation has been observed when the
localized plasmon modes of nanoantennas are driven by
femtosecond pulses.22−24 Further, excitation of metallic
nanostructures with femtosecond lasers has enabled studies of
their plasmonic resonances.25,26
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One of the fundamental advantages of plasmonic waveguides,
over dielectrics, is that they are expected to very strongly
conﬁne light to the waveguiding region. Consequently, we
begin by investigating the spatial conﬁnement of the plasmonic
modes. We measure the in-plane ﬁeld amplitude and phase of
the guided SPPs in the NW, using CW illumination.
Consequently, we are able to Fourier ﬁlter40 our signal and
create the in-plane intensity maps of the SPPs, an example of
which is shown in Figure 2a for a 240 nm wide NW. Here, we

the ohmic losses experienced in a plasmonic waveguide, for
ultrashort pulses.
We study ultrashort-pulse propagation on plasmonic waveguides by experimentally and theoretically characterizing the
properties of lithographically fabricated Au NWs (Figure 1a).

Figure 1. Sample geometry and experimental setup. (a) Micrograph of
a typical plasmonic structure consisting of a hole array, a taper, and a
nanowire. The hole array and the taper are required to eﬃciently excite
the mode on the Au NW with free-space illumination. Schematic of
the cross section of (b) a Au nanowire and (c) a Si nanowire showing
the dimensions of the waveguides. (d) Schematic of the home-built
near-ﬁeld scanning optical microscopy setup (NSOM). By integrating
an optical delay line and a pulsed laser into an interferometric NSOM
we are able to track pulse propagation in Au NWs.

We ﬁx the Au thickness to 50 nm and vary the width between
40 and 240 nm (Figure 1b), where the maximum width is
chosen so that our NW is not leaky over the bandwidth of the
applied pulsed laser, to determine the geometrically dependent
properties of the guided modes. In both the experiments, which
are carried out with phase- and time-resolved near-ﬁeld
microscopy37 (Figure 1d), and the FEM simulations (using
the COMSOL multiphysics software package), we study the
propagation of telecom (centered at 1550 nm)-wavelength,
ultrashort femtosecond pulses. Experimentally, we excite SPPs
by illuminating a hole array, whose periodicity has been
carefully selected to resonantly couple free-space radiation to
plasmons on the Au−glass interface and not on the Au−air
interface, with a laser.38 These interface SPPs are then
adiabatically funneled with a taper into NW plasmons.2 We
map the near-ﬁelds of the guided mode using our near-ﬁeld
microscope. In these measurements we use a 250 nm aperture
probe, which delivers a good trade-oﬀ between the signal-tonoise ratio and the optical resolution. For the simulations, the
dispersive material refractive index of Au is taken from the
literature,39 and the refractive index of the BK7 glass substrate
(of our samples) is ﬁxed at 1.5. More details about the
experimental and simulation procedures are provided in the
Supporting Information.

Figure 2. Mode width of the NWs at a wavelength of 1.55 μm. (a)
Measured spatial intensity map of an SPP propagating on a 240 nm
wide Au NW with CW laser excitation. The funneling of the SPPs
from the taper at the left to the nanowire on the right is observed. (b)
Cross-cut in the x-direction after normalizing and averaging the NW
intensity proﬁle of (a) and a corresponding Gaussian ﬁt. The SPP
guided by the Au NW has a mode width of 0.32 μm. (c) Dependence
of the mode width on the NW width for the Au NW (measurements
shown by symbols and simulations by the purple curve) and the Si
NW (cyan curve). A decrease of the mode width with decreasing NW
width can be observed. The plasmonic structure exhibits a stronger
spatial conﬁnement than the dielectric waveguide.

see how an SPP propagating from the left is funneled from the
taper into the NW (starting around y = 7 μm). For a wide taper
width, an electric ﬁeld can only be observed at the edges of the
Au layer. As the taper width narrows, the electric ﬁeld of the
SPP “wraps around” the NW, and consequently we can detect a
signal above the NW. In fact, we measure the highest intensity
at the beginning of the NW, which then decays with
propagation due to the ohmic losses of the SPP. We can
B
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Figure 3. Dispersion properties of Au and Si NWs. (a) The GVD coeﬃcient as a function of wavelength. (b) The TOD coeﬃcient as a function of
wavelength. Top panel: Au NWs. Bottom panel: Si NWs. The plasmonic waveguides feature 2 orders of magnitude smaller GVD and TOD
coeﬃcients than do the Si NWs. Dashed lines indicate the cutoﬀ wavelengths of the correspondent modes. The shaded areas represent the spectral
region populated by the fwhm bandwidth of a 10 and 120 fs pulse, respectively. The oscillations, which can be seen on top of the GVD and TOD
curves of the Si NWs, are numerical artifacts from the FEM simulation and do not have a physical origin.

The dispersive refractive indices of the Si core and the silica
substrate are taken from the literature.48,49 Since these dielectric
waveguides have been extensively studied,50−52 we limit
ourselves to simulations of their properties, investigating only
the Au NWs experimentally.
The simulated mode width of the Si NWs, which we show
with a cyan curve in Figure 2c, qualitatively behaves in much
the same way as the mode width of the Au NWs: the width of
the mode decreases with the NW width. There are, however, a
few important diﬀerences to note between the behavior of the
dielectric and plasmonic waveguides. First, the mode of the Si
NW is always wider than that of the Au NW. Further, whereas
the mode width for the plasmonic waveguide is, in principle,
not restricted to a minimum value, we ﬁnd a minimum mode
width for the dielectric waveguide of ∼430 nm. This suggests
that, if we want to compare plasmonic and dielectric
waveguides with similar light conﬁnement, we should use the
narrowest Si NW available. Consequently, we will mainly
consider a 300 nm wide Si NW hereafter, although we note that
the mode width of this NW is still 2.0 and 1.1 times larger than
that of a 140 or 300 nm Au NW, respectively.
Having found that the plasmonic and dielectric NWs can
conﬁne light to similar dimensions, we set out to determine the
diﬀerences and similarities of pulse propagation on these
structures. An important quantity that describes the evolution
of a propagating pulse in a waveguide is the dispersion relation
k(ω).53 The ﬁrst derivative of the dispersion relation with
respect to frequency is related to the group velocity of the pulse
and describes the temporal shift of the pulse envelope with
propagation. The second and third derivatives of k(ω), which
quantify the group velocity dispersion (GVD) and third-order
dispersion (TOD), respectively, are the most important
dispersion properties of the waveguide since they specify the
strongest contributions to the temporal pulse reshaping during
propagation. GVD causes a symmetrical temporal broadening
of the pulse envelope, whereas TOD leads to an asymmetrical

quantify the spatial conﬁnement of the mode by averaging
intensity cross-cuts in the x-direction along the nanowire and
ﬁtting a Gaussian function to this averaged cross-cut (Figure
2b). More details about how the mode width is extracted from
the near-ﬁeld measurements can be found in the Supporting
Information. We repeat this ﬁtting procedure for diﬀerent
nanowire widths to determine the dependence of the mode
width on the NW cross-section. The results of these
measurements are depicted as squares in Figure 2c. As
expected, we observe that the mode width decreases, and
hence the conﬁnement increases, as the NW cross-section
decreases. Here, the horizontal error bars (±5 nm) are due to
uncertainties in the determination of the NW width, while our
uncertainty in the fwhm (∼10 nm) is too small to be visible in
Figure 2c.
This trend of increasing conﬁnement for smaller NWs is
reproduced by the simulations (solid curve in Figure 2c). There
is, however, a deviation between the simulated and measured
mode widths, particularly for smaller NWs. This discrepancy
can be explained by the ﬁnite aperture size of the near-ﬁeld
probe used in the experiment, which limits the smallest
measurable fwhm values. Since we use a probe with a 250 nm
aperture, for small NW widths the measured mode width
represents the aperture size, while for larger widths we measure
values close to the actual lateral ﬁeld spread. The nearly
monotonic decrease of the mode width with NW dimensions
observed in the simulations conﬁrms that the SPP can be
guided on arbitrary small plasmonic waveguides.
Having established how the plasmonic NWs conﬁne light, we
turn to the dielectric waveguides and look for a geometry where
similar conﬁnement occurs. Speciﬁcally, we want to compare
the plasmonic NW to a ubiquitous dielectric NW, the Si
NW15,41−46 (Figure 1c). We ﬁx the height of the Si NW to 200
nm and allow the width to range between 290 and 500 nm. The
smallest width of 290 nm is chosen since smaller Si NWs no
longer support a guided mode47 (see Supporting Information).
C
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Figure 4. Temporal dynamics of a 120 fs pulse propagating in Au and Si NWs. (a) Top panel: A comparison between a typical measurement series
(thick curves) at diﬀerent locations along a Au NW (width = 140 nm) and a semianalytical calculation of the pulse propagation (thin curves). The
inset shows the arrival time with propagation and gives the group indices. Bottom panel: An analytical calculation of pulse propagation inside a Si
NW (width = 300 nm). The curves are normalized to the maximum intensity at a propagation distance of 0 μm. Measured (squares) and simulated
(curve) dependence of (b) the propagation length and (c) the group index on the nanowire width. Note that, at 1550 nm, the Si NW is ideally
lossless and hence has an lprop = ∞. The insets in (b) show the electric ﬁeld distribution of the mode guided along a 100 nm and a 250 nm wide Au
NW, respectively.

To experimentally investigate ultrashort-pulse propagation
and to check if the superior dispersion properties of the
plasmonic NWs are observable in experiment, we perform timeresolved measurements on the Au NWs using 120 fs long
pulses. With our near-ﬁeld microscope54 we collect ﬁeld
transients at diﬀerent positions along the plasmonic waveguide
(see Supporting Information for more details). In Figure 4a,
which presents an exemplary measurement on a 140 nm wide
Au NW, we present the temporal evolution of a pulse during
propagation. Here, we positioned the near-ﬁeld probed at four
diﬀerent propagation distances in the ﬁrst 10 μm along the
plasmonic structure and scanned the optical delay line to
extract the temporal pulse envelope at these locations. In
general, a Gaussian wave packet (fwhm of 120 fs) is observed,
which decays in intensity and moves in time, as the propagation
distance increases. When moving 9.6 μm along the Au NW, the
intensity decreases by 85% and the wave packet shifts by 60 fs.
To understand the temporal evolution of the pulse envelope,
we compare the measurement to the result of a semianalytical
calculation of the pulse propagation (thin curves). In the
calculation we solve the one-dimensional wave equation in the
spectral domain:53

broadening. In Figure 3 both quantities, calculated from the
simulated dispersion relation for several NW geometries (see
Supporting Information for more information), are shown as a
function of wavelength.
In general, Figure 3 shows how changing the geometry
aﬀects the dispersion of the plasmonic and dielectric waveguides. The amplitude of the dispersion coeﬃcients is increased
when the NW sizes are decreased, at all wavelengths. In the
case of the Au NWs, the GVD and TOD increase when the
NW width is narrowed. In addition, there is a cutoﬀ, i.e., a
wavelength above which a guided mode becomes leaky, for the
two wider Au NWs. In contrast, for the dielectric waveguides
the dispersion curves shift to shorter wavelengths when the
NW width is decreased. As a consequence, the spectral regime
of high dispersion, close to the cutoﬀ, is blue-shifted. For
example, the cutoﬀ shifts from 2.25 to 1.6 μm when the NW
width is decreased from 500 to 300 nm. The amplitude of GVD
and TOD can be compared between Au and Si NWs. Most
importantly, we see that the dispersion coeﬃcients for the Si
NWs are an order of magnitude larger than for their plasmonic
counterparts. This huge diﬀerence in the amplitude of GVD
and TOD shows that the dielectric waveguides are intrinsically
more dispersive than the Au NWs, especially when operated
close to the cutoﬀ of the guided mode, where the dispersion
coeﬃcients diverge. Note that the oscillations on top of the
GVD and TOD curves of the Si NW are numerical artifacts
from the FEM simulations and do not have a physical origin.

∂Â (z, ω)
= iK (ω) Â (z , ω)
∂z

(1)

where Â (z, ω) and K(ω) are the spectral density of the pulse
and the frequency-dependent complex wavenumber, respectively. This equation takes the linear absorption and dispersion
D
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1550 nm, Si NWs that support a guided mode are, ideally,
lossless, and hence lprop = ∞ for all widths. In contrast, ng shows
a rich width dependence. First, the group index increases with
increasing NW width until it reaches a maximum of ∼4.95 for a
width of ∼360 nm. Increasing the NW width further causes the
group index to decrease again. Additionally, the mode guided in
the Si NW is nearly always 2 to 3 times slower than an SPP
propagating in a Au NW. This situation changes only for
extremely small Au NW cross-sections.
As with plasmonic NWs, we can use the results of our
simulations of the Si NW modes to semianalytically calculate
how 120 fs pulses would propagate on these structures. In the
bottom panel of Figure 4a we show the results of such a
calculation, in this case for a 300 nm wide NW. In contrast to
the plasmonic structure (top panel), we observe that, in the Si
NW, the pulses both propagate more slowly and experience no
loss. That is, other than a slightly weaker conﬁnement, the Si
NW appears to outperform the Au NW when 120 fs long
pulses are considered.
In our measurements of the 120 fs pulses propagation on the
Au NWs (Figure 4a) we observe no reshaping of the pulse
envelope. This suggests that within the 30 nm bandwidth of the
pulse spectrum, dispersion is negligible. That is, the diﬀerent
spectral components that make up the pulse all travel at a
similar group velocity, and hence the pulse envelope is relatively
unchanged during propagation. Likewise, our semianalytic
modeling of pulse propagation in the Si NWs, which uses the
dispersion relation determined by simulations, shows that for
this 30 nm bandwidth dispersion is also negligible for the
dielectric waveguide. This fact can also be quantiﬁed by
calculating the dispersion length, i.e., the propagation distance
after which the temporal pulse width is broadened by a factor
√2 (see more information in the Supporting Information). For
a pulse duration of 120 fs, all geometries feature a dispersion
length that is much longer than 10 μm. Consequently, no
temporal reshaping is visible.
The temporal reshaping of pulses does not depend only on
the amplitude of the dispersion coeﬃcients, but also on the
bandwidth of the pulse. It therefore remains to be seen how
broad bandwidth pulses evolve as they propagate on Au and Si
NWs. Consequently, we investigate the propagation of 10 fs
pulses, which have a spectral bandwidth of 350 nm as compared
to the 30 nm bandwidth of the 120 fs pulses. We note that 10 fs
pulses, at 1550 nm, span only two optical cycles and are
therefore among the shortest possible pulses at this wavelength.
As can be seen in Figure 3, for the broad range of wavelengths
contained within these short pulses the dispersion relation is far
from ﬂat. The dispersion length of the 10 fs pulses propagating
on the narrow Si NW is smaller than 10 μm, whereas it is still
several tens of micrometers long for the other NW geometries.
Hence, temporal reshaping due to dispersion should be visible
in the 300 nm wide dielectric waveguide, whereas the shape of
the envelope should remain unchanged for the other NWs.
Figure 5 presents the results of the semianalytical calculations
performed for a pulse duration of 10 fs. It is obvious that the
pulse envelope does not reshape while propagating through the
plasmonic waveguides. Only the amplitude of the pulse drops
due to the ohmic losses. In contrast, there is signiﬁcant
reshaping visible in the case of the 300 nm wide Si NW. Here,
the Gaussian wave packet collapses into two peaks, which
propagate with diﬀerent group velocities and therefore separate
in time with increasing propagation distance. This behavior can
be explained by looking at the dispersion relation of this

that occur during pulse propagation into account (see
Supporting Information for more details). There is good
agreement between the experiment and the semianalytical
calculation (thick and thin curves in Figure 4a). The temporal
movement of the wave packet is well reproduced, and only a
small discrepancy in the intensity decay is observed. The
experiment shows a slightly faster decay than the calculation.
We use the time-resolved near-ﬁeld measurements to
quantify both the losses and the speed at which a pulse
propagates along the NW. The intensity decay with
propagation is reproduced well by an exponential ﬁt to the
envelope amplitude, which yields the propagation length, lprop.
The increase in arrival time contains information about the
group delay and can be used to extract the group velocity (vg)
and the group index (ng = c/vg), respectively, provided that no
signiﬁcant reshaping of the pulse envelope occurs (cf. inset in
Figure 4a).
The propagation loss, in the plasmonic NW, is due to ohmic
losses, namely, the conversion of electromagnetic energy to
heat as light is absorbed by the free electrons of the Au. Since
the mode properties, such as the loss, are dependent on the
width of the NW, we again investigate diﬀerent NW
geometries. Figure 4b summarizes the extracted propagation
length of several temporal near-ﬁeld measurements. In this
ﬁgure, each symbol is the average lprop from each series of
measurements, while the error bars are given by the
corresponding variance. Indeed, we observe that the
propagation length increases with increasing NW dimensions,
as less ﬁeld is conﬁned to the metal (see insets of the modal
ﬁeld proﬁles in Figure 4b). These observations are in good
agreement with our simulations, although the measured
propagation lengths are slightly smaller than the simulated
values, indicative of an additional loss channel such as scattering
from imperfections, which is not taken into account in the FEM
simulation. Further, the measurements and simulations diverge
for the largest NWs (width of ∼240 nm). Although such a
deviation has been previously observed,2 its exact cause remains
unclear. It is, however, likely that leakage radiation losses into
the substrate, which are known to occur for wider NWs, play a
role.
We now turn to the speed at which the pulses propagate
through the waveguides, which can be characterized by the
group index of the mode. This parameter can be extracted by
ﬁtting a straight line to the linear time shift with propagation
distance observed for the pulse in the experiment (cf. inset in
Figure 4a). Figure 4c shows a comparison of the measured and
simulated group index for Au NWs of diﬀerent widths, where
the values and vertical error bars are again extracted from a
statistical analysis of several measurements on each nanowire.
In general, we observe the expected trend that smaller Au NW
widths lead to slower SPPs,11,31 with excellent agreement
between experiments and simulations. The highest ng value of
2.32 is measured for the narrowest width of 40 nm, and the
simulation shows that this trend continues even further with
decreasing NW width. These results show that there is a tradeoﬀ to be made in plasmonic waveguides: either there is a large
slowdown combined with a huge spatial conﬁnement and high
losses, or less slowdown is achieved with a smaller conﬁnement
but also fewer losses.
Next, we compare the propagation of a 120 fs pulse on Si
NWs with our observations for the plasmonic structures. From
the FEM simulations we again extract lprop and ng for the
diﬀerent NW widths, as was done for the Au NWs. In fact, at
E
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dielectric waveguide. However, please note that this Si NW has
limited application prospects, as it supports multiple modes at a
wavelength of 1.55 μm. These observations of the pulse
reshaping conﬁrm that for few-cycle femtosecond pulses in high
conﬁnement waveguides, Au NWs display superior properties.
In general, high-conﬁnement plasmonic waveguides do not
show a cutoﬀ for the guided SPP and, hence, can be used in a
broad spectral range without becoming multimode (see
Supporting Information). Second, the Au NWs are much less
dispersive than Si NWs.
Another important feature to consider for pulse propagation
applications is the decay behavior of the peak intensity for the
various geometries. The peak intensity of a pulse is crucial for
applications such as nonlinear optics and contains information
about the temporal reshaping during propagation. In contrast
to what we observed for the longer pulses, Figure 5 shows that
the peak intensity of a 10 fs pulse in the wider Au NW
decreases more slowly than in the narrow Si NW. In detail, in
the 100 nm wide plasmonic NW the peak intensity drops to
64% of its starting value after a propagation of 3.2 μm, whereas
it decreases to 29% in the case of the 300 nm wide dielectric
waveguide. The higher peak intensity of the plasmonic mode
persists also for longer propagation distances up to 9.6 μm.
This advantageous diﬀerence, which comes from the drastic
temporal reshaping that the pulse undergoes in the Si NW, can
be even further increased by using a wider Au NW. Such wide
Au NWs are less lossy, albeit at the cost of decreased spatial
conﬁnement, although they still feature a smaller mode width
than the Si NWs. Thus, the plasmonic waveguides outperform
their dielectric waveguides in the case of few cycle pulse
propagation if a high spatial conﬁnement and less temporal
reshaping are needed.
In conclusion, we demonstrated that Au NWs are promising
candidates for applications where high-ﬁeld conﬁnements and
ultrashort pulse propagation are desired. We experimentally
conﬁrmed that light can be conﬁned in smaller areas in Au
NWs than in Si NWs. In addition, we show that the low
dispersion and the absence of a mode cutoﬀ in plasmonic
waveguides can outweigh the inherent ohmic losses, which are
absent in their dielectric counterparts, if the applied pulse is as
short as 10 fs.
While we have compared the performance of plasmonic
waveguides with those that are composed purely of dielectrics,
there are, of course, also waveguides composed of both metal
and dielectric parts. For example, dielectric-loaded plasmonic
waveguides (DLSPPW) consist of a dielectric strip on top of a
metallic layer. The modal properties of dielectric-loaded
plasmonic waveguides have been thoroughly investigated in
the literature28,55 and, as can be expected, lie in between those
of the pure plasmonic and dielectric waveguides. For example, a
narrow dielectric strip on a metal surface will act almost like a
pure dielectric waveguide, while if the strip is widened, then its
modes will become increasingly plasmonic. Consequently, for
these dielectric-loaded plasmonic waveguides, there is an
inherent trade-oﬀ between propagation length and mode
conﬁnement, where the prior decreases and the latter increases
as the mode becomes more plasmonic. Similarly, the group
velocity dispersion of the mode guided in the DLSPPWs, which
was found to be on average 10 ps2/m,28 lies between the group
velocity dispersions that we ﬁnd for the pure waveguides. There
are also more complicated waveguide structures like hybrid
plasmonic waveguides,5,6 which feature superior modal properties, i.e., better conﬁnement and longer propagation lengths.

Figure 5. Propagation of a 10 fs short pulse on the various NWs. The
pulse shows no temporal reshaping in the plasmonic waveguide; only
an intensity decay due to ohmic losses is visible. In contrast, in the 300
nm wide Si NW the pulse envelope is distorted due to strong
dispersion and the proximity of the mode cutoﬀ. For a 500 nm wide Si
NW the guided mode experiences much less dispersion and its
bandwidth does not cross the mode cutoﬀ. Consequently the 10 fs
pulse does not temporally reshape. Note that the 500 nm wide Si NW
supports two modes at this wavelength, and hence its applicability is
limited. All curves are normalized to the maximum intensity of the
pulse at a propagation distance of 0 μm.

dielectric waveguide. The fundamental mode has a cutoﬀ
wavelength of 1600 nm, and the spectral bandwidth of the
pulse is so broad that part of the energy populates also the
frequency regime where the mode is leaky (more information
can be found in the Supporting Information). Thus, the slowly
moving peak, which reshapes with propagation due to
dispersion, represents the frequency components in the guided
regime, whereas the fast moving peak is built up by the spectral
components in the leaky regime. A detailed discussion of the
contributions to the temporal reshaping is contained in the
Supporting Information. This explanation can also be translated
to the wider Si NW to understand why this waveguide does not
show temporal reshaping of the pulse. Here, the cutoﬀ
wavelength, and therefore the highly dispersive regime, is redshifted to longer wavelengths. Since the spectral bandwidth of
the pulse is not large enough so that its spectral density covers
the shifted cutoﬀ, no dispersion is visible in the 500 nm wide
F
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The results presented in this paper reveal the potential of Au
NWs for ultrafast photonics on the nanometer scale. For
example, the slow decay of the peak intensity of the SPP guided
in Au NWs in comparison to the mode in Si NWs will be
beneﬁcial for nonlinear optics. Likewise, the negligible temporal
reshaping in the plasmonic waveguides can be instrumental to
implement short-range ultrafast optical communication systems.

■

ASSOCIATED CONTENT

S Supporting Information
*

More details about the near-ﬁeld microscopy measurements,
the Drude model and the approach to extract dispersion from
the FEM mode simulations, the dependence of the real part of
the eﬀective mode index on the NW width, the single-mode
operation of the NWs, the eﬀect of using diﬀerent material data
sets for gold, the semianalytical pulse propagation calculations,
and the dispersion length. This material is available free of
charge via the Internet at http://pubs.acs.org.

■

AUTHOR INFORMATION

Corresponding Author

*E-mail: kuipers@amolf.nl.
Notes

The authors declare no competing ﬁnancial interest.

■

ACKNOWLEDGMENTS
This work is part of the research programme of the Foundation
for Fundamental Research on Matter (FOM), which is part of
the Netherlands Organisation for Scientiﬁc Research (NWO).
This work was also funded by an ERC Advanced Investigator
Grant (no. 240438 - CONSTANS). We would like to
acknowledge funding from the European Union (Project
SPANGL4Q) and NanoNextNL, a micro- and nanotechnology
consortium of the Government of The Netherlands and 130
partners. We thank Hinco Schoenmaker for technical support.

■

REFERENCES

(1) Gramotnev, D. K.; Bozhevolnyi, S. I. Plasmonics beyond the
diffraction limit. Nat. Photonics 2010, 4, 83−91.
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