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Abstract: We theoretically analyze a method for characterizing propagating
surface plasmon polaritons (SPPs) on a thin gold film. The SPPs are excited
by few-cycle near-infrared pulses using Kretschmann coupling, and a
nanotip is used as a local field sensor. This geometry removes the influence
of the incident excitation laser from the near fields, and enhances the
plasmon electric field strength. Using finite-difference-time-domain studies
we show that the geometry can be used to measure SPP waveforms as a
function of propagation distance. The effects of the nanotip shape and
material on the field enhancement and plasmonic response are discussed.
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1. Introduction

Since their discovery in the 1950s, surface plasmon polaritons (SPPs) have been used in a
broad range of applications including surface-enhanced Raman scattering [1], wave-guiding
[2], nanoscopy i.e. optical microscopy well below the diffraction limit [3], light trapping for
enhanced solar energy conversion [4], chemical and bio-sensing [5], plasmon rulers [6],
metamaterials [7], and plasmonic circuits [8]. This progress has been fueled by advances in
fabrication techniques such as lithography [9] and chemical synthesis [10], where optical
properties of nanomaterials are used to achieve functionality [11]. The properties of the
collective dynamics depend on the laser field [12], the material composition [13], shape [14],
configuration [9], the local environment of the nanotarget [15, 16]. Surface plasmons can
concentrate light fields into extremely localized nanoscale volumes, allowing access to
interesting new regimes of strong field physics [17], and steering of electron emission,
acceleration and scattering processes at nanotips [18, 19] and nanoparticles [20].

Collective plasmonic electron dynamics evolve on few- to sub-femtosecond timescales.
Tracing these dynamics on their natural nanometer-spatial and few-femtosecond temporal
scales will allow optimization of ultrafast plasmonic dynamics for strong field physical
processes, and control of plasmons for applications in new areas such as lightwave electronics
[21]. Furthermore, an improved understanding of the fundamental physics involved in
plasmon excitation, propagation and dephasing will be useful to plasmonic research and
technology in general. A number of femtosecond techniques, based on autocorrelation [22,
23], frequency-resolved optical gating [24, 25], and spectral interferometry [26], have been
developed in this direction. Attosecond streaking is expected to reveal the temporal structure
of plasmons with attosecond resolution [12, 27-32] and, when combined with photoelectron-
emission microscopy (PEEM), nanometer spatial resolution [33-35]. Time resolved PEEM of
SPP dynamics has recently been demonstrated in the femtosecond domain [36].

In this paper, we analyze and discuss a technique for temporally characterizing SPPs as a
function of propagation distance. Our approach is based on the use of a nanotip on thin Au
film as local sensor for SPPs.

2. Approach

Figure 1 shows the scheme for utilizing nanotips as local field sensors for SPPs. In the
geometry shown in Fig. 1, unlike other schemes of attosecond nanoplasmonic streaking [12,
30-32], the electrons’ energy shift is not influenced by the incident near-infrared (NIR) laser
field. None of the proposed schemes for probing SPPs using attosecond streaking proposed so
far can fully separate the incident laser field from the SPP, because the incident excitation
pulse occupies the same spatial region as the initial SPP, and because the SPP has only a weak
field enhancement relative to the incident field, typically in the range of 0.5-1.5. Both fields
would have a comparable effect in a streaking experiment, and the initial SPP at the excitation
point cannot therefore be studied independently from the incident field. Furthermore the field
strength of SPPs decays exponentially as they propagate. The fidelity of a field
characterization using attosecond streaking depends on the field strength, limiting the
propagation range over which the technique can be applied.

Our proposed geometry uses Kreschmann coupling to screen the incident excitation field,
while a tip enhances the plasmonic field strength. The proposed geometry is thus adequate for
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tracing transient surface plasmon polaritons with attosecond precision, for a wider range of
propagation distances including the initial excitation point, free from effects of the incident
excitation field.. Other schemes to obtain information about nanolocalized fields, for example
the maximum field strength, from strong field photoemission alone have been proposed [37].
Here, we go beyond these studies and focus on the relation of LSPs at the nanotip to the
propagating SPPs.

A linearly polarized, few-cycle NIR laser pulse is launched to a 50 nm gold film on a SiO,
right-angle prism at an angle of incidence of 45 degree in order to induce propagating surface
plasmon polaritons.

The depicted SPP excitation scheme is well-known as the Kretschmann configuration.
SPPs can be efficiently excited when the incident and surface plasmon wave vectors satisfy

the condition: R (k,) = R(k,), where Rindicates the real part, k; is the parallel component
of the wave vector of the incident light to the prism interface,

k, =(27ﬂjnsin¢9, ()

6 is the incident light angle, A is the wavelength, and #» is the refractive index of the prism.
The wave number of the plasmon mode along the interface is given by:

27 EE
k== |—= 2
? (/1)\[81+€2 @

where € and ¢, are the dielectric permittivities of the metal film and the dielectric medium
above the surface, respectively. Efficient SPP excitation gives rise a well-defined minimum in
the intensity of the reflected light [38]. For monochromatic plane waves, an analytic solution
for the SPP excitation in terms of Fresnel coefficients is available [39], which is, however, not
applicable to the broadband focused beams in this paper. We calculated that the peak field
strength of the NIR laser pulse transmitted through the film is less than 0.8% of the peak SPP
field strength, and the incident excitation pulse therefore has a negligible contribution to the
near-fields in the region of the initial SPP waveform.

Additionally, on the prism, a conical gold nanotip having suitable dimensions is placed in
a position where the field strength of the SPP is at its maximum. The nanotip serves as an
efficient local field sensor by transforming the SPP into a stronger nano-localized surface
plasmon (LSP) at the tip apex as shown in Figs. 1(a) and 1(b). The local field generated at the
apex is spatially confined and enhanced with respect to both the incident NIR and SPP fields.

The near-field of the LSP at the nanotip exponentially decays along the z-axis into the
vacuum as depicted in Fig. 1(c). The nanotip near-field can be probed by e.g. attosecond
streaking, where an attosecond extreme ultraviolet pulse frees electrons from the surface of
the tip that are accelerated in the near-field [27-33]. The measurement of electron momentum
as a function of delay time between the extreme ultraviolet pulse and the exciting NIR pulse
permits, under suitable conditions, the retrieval of the near-field [33].

Regarding to the spatial distribution of the fields around the tip, it is inhomogeneous and
localized as shown in Fig. 1(c). Hence all the accumulated signals from the SPP would be
confined at the apex and then appropriately reflected in the streaking measurement. Therefore
the main contributions to the streaking trace will mostly come from the field at the apex. This
means that we can get useful information about the field of the propagating SPP on a metal
film by utilizing it as an efficient local field sensor.
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Fig. 1. A linearly polarized, few-cycle NIR laser pulse is launched to a 50 nm gold film on a
SiO, right-angle prism at an angle of incidence of 45 degree in order to induce propagating
surface plasmon polaritons. (a) Scheme for locally confined fields at the end of a metal nanotip
excited by propagating surface plasmons. The inset shows the near-field distribution near the
metal film. (b) The configuration of light-SPP coupling and induced dipole coupling on a
nanotip. The quantity plotted shows a maximum instantaneous field enhancement. (c) Field
distribution at the nanotip apex. The inset shows the maximum of the time-integrated electric
field component along the tip axis.

3. Optimization of the nanotip geometry

We have carried out simulations to optimize the nanotip geometry and identify ideal
conditions for coupling the propagating surface plasmon to the localized plasmon at the
nanotip apex. The incident laser pulse at 720 nm with 4.5 fs duration (full-width-at-half-
maximum of its Gaussian intensity profile) is linearly polarized as shown in Fig. 1(a). In order
to calculate the time-dependent plasmonic fields, we employed finite-difference-time-domain
(FDTD) simulations [40—42]. A commercial software package, Lumerical FDTD Solutions
2015b (v8.12.527) [43], was used to perform the calculations. The real and imaginary parts of
the wavelength-dependent dielectric functions for gold and fused silica were taken from
Olmon’s data and Palik’s data respectively [44, 45]. The surface of the glass (silicon dioxide,
Si0,) prism (index of refraction n = 1.45) is covered by gold and the nanotip is surrounded b;/
vacuum (index of refraction n = 1). The total simulation region was set to 8.8 x 3.0 X 5.6 pm’.
A perfectly-matched layer boundary condition with a thickness of 380 nm is applied to
minimize reflections of outgoing fields at the boundary of the simulation region. To ensure an
accurate description of the near-field of the nanotip, a three-dimensional adaptive fine mesh
with a unit size of 0.5 x 0.5 x 0.5 nm’ was used in the area of the apex and the entire
simulation volume was divided by a uniform mesh of 8.0 x 8.0 x 8.0 nm®. The total time
window for the simulation was 120 fs with a time step of 1 as.

Before carrying out the simulation for optimization of the geometry, we investigated the
SPP excitation, which also affects the choice of nanotip position. Figure 2(a) shows a
decaying behavior of a propagating SPP at different points along the gold surface. As the SPP
propagates along the surface, it loses energy due to absorption in the metal and due to
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Fig. 2. Decaying behavior of the propagating SPPs on the gold surface (a) and their field
waveform along the surface at different positions (b), and the height at a fixed position on the
surface (c). All the colored dots in (b) and (c) indicate the relevant positions on the surface in
(a). The tip on the surface is at a distance of 1.4 um from the center of the excitation laser pulse
as indicated in (c).

scattering into free-space. Remarkably, the maximum plasmon field occurs outside the region
of the incoming excitation, here at a distance of about 800 nm from the center point of its
excitation (dark red in Fig. 2(a)). Then the field dissipates to less than 20% of the peak SPP
field strength after traveling 12 um as shown in Fig. 2(b) and to below 1% after traveling 40
pm which is comparable with the usual plasmon decay length of about 50 um, given by the
imaginary part of Eq. (2). The change of the SPP electric field at different distances from the
surface is shown in Fig. 2(c). With increasing distance, the SPP electric field changes in
amplitude as expected due to the localization of the SPP to the surface. For our simulations,
we placed the nanotip at a distance of 1.4 um from the center of the excitation laser pulse.

A series of simulations have been carried out for different height, diameter of the conical
tip’s base, and apex radius of curvature in order to optimize the field enhancement at the apex
for the condition that the nanotip serves as a sensor of the SPP. The results are shown in Fig.
3. As shown in Fig. 3(a), the smaller the radius of a nanotip (R), the larger the field
enhancement. A similar curve has recently been found for single nanotips excited by a free-
propagating laser beam [37]. The universality of this curve is a consequence of geometric
field enhancement, in analogy to the lightning rod effect of electrostatics. Considering the
fabrication of a sharp tip, R = 10 nm was chosen as a typical apex parameter. For a fixed
height of H = 300 nm, the base diameter D was optimized for maximum field enhancement,
where D = 200 nm yielded the highest field enhancement. The resulting opening angle of
around 18° is in agreement with a recent study on the opening angle dependence of field
enhancement on single tips and is connected to the excitation of a plasmon along the nanotip
shaft [46]. Subsequently, the height of the nanotips was optimized for a fixed apex radius (10
nm) and base diameter (200 nm). In classical antenna theory for the given configuration,
antenna on a ground plate, the maximum enhancement with respect to the input field would
be expected for an antenna length of one quarter of the wavelength of the exciting light [47].
Surprisingly in the simulations it occurs at bigger heights of around 300 nm, although the SPP
is decreasing with increasing distance from the surface. Indeed the observation of the
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resonance angle already indicates more complex dynamics, which is not accounted for in
classical radio frequency (RF) theory.

(a)

R of the tip (nm) R
.. [0 5 10 15 '
0 1.01
Q
o 8
8¢ H
T O
0.5
z 5 ———
< D
v 0 T T T T
0 100 200 300 400 = Hscan @ D200nm & R10nm
H & D of the tip (nm) = Dscan @ R10nm & H300nm
= Rscan @ H300nm & D200nm
(b) .
© Ez of SPP @ 1nm above the Au surface
Lq—: 10 = Ez of LSP @ 1nm above the Au nanotip
L
=]
£S
= ‘E 0 /]
1S S
g~ 5|
=
©
€ 10 U
wi g 4 0 4 8
15 Time (fs)
-10 0 10 20 30 40 50

Time (fs)

Fig. 3. (a) Optimal shape of a conical gold nanotip. The inset shows the schematics of the
nanotip. The quantity plotted shows a maximum instantaneous field enhancement. (b)
Comparison of the time-dependent plasmonic field profile between SPP & LSP in resonant
condition at the apex of the conical gold nanotip. The height, H, of 300 nm, the bottom
diameter, D, of 200 nm and a radius of curvature, R, of 10 nm were chosen for the nanotip. The
plasmonic field enhancement at a point of 1 nm above the tip and the gold surface,
respectively, (with respect to a normalized laser field) is calculated via FDTD simulations. The
inset in (b) shows the temporal profile of the driving laser pulse. The laser field has been
normalized to 1.

A conical nanotip with a height of 300 nm, a base diameter of 200 nm and a radius of
curvature at the tip of 10 nm was found to provide resonant enhancement of the SPP. Figure
3(b) shows the temporal profile of the LSP field (green line) at a point 1 nm above the nanotip
The blue-line in Fig. 3(b) shows the temporal profile of the SPP field at a point 1 nm above
the 50 nm gold film on the prism without a nanotip. The inset shows the temporal profile of
the incident laser field used in this simulation. The maximum field enhancement at the tip
apex was approximately 15 with respect to the normalized incident laser field in the z-
component of the plasmonic field Ez(x,z) along the tip axis and the field enhancement factor
of the SPP at the same position was 1.25. The LSP temporally lasts for more than 40 fs. While
the LSP increases the field amplitude of the SPP for easier probing by e.g. attosecond
streaking, the temporal field profile of the LSP differs noticeably from that of the SPP. A full
understanding of the near-field properties and dynamics of SPPs would require detailed
information about its sub-cycle evolution, from attosecond streaking measurements, for
example.

As the LSP electric field in 3 (b) differs substantially from the SPP temporal structure, we
now turn our attention to other nanotip materials, where the probing step is performed under
non-resonant conditions. We have investigated a number of metals and semiconductors for
this purpose, including Ag, Pt, Cu, W, Ge, GaAs and Si. The optical properties were obtained
from Palik’s data [45]. The FDTD simulations were performed in a discrete, non-uniformly
spaced mesh with a resolution of below 4 nm and 0.5 nm in a region of fine meshes. The most
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Fig. 4. Comparison of the temporal profile and the plasmonic field enhancement between the
LSP for a Si nanotip with H = 450 nm, D = 200 nm and R = 10 nm (green line) and the SPP
without a nanotip (blue line) at a field monitor point, 1 nm above the tip and gold surface,
respectively.

direct mapping of the SPP field was found using Si as the nanotip material, with H = 450 nm,
D =200 nm and R = 10 nm, as shown in Figs. 4 and 5.

In the off-resonant case, we observe a substantially improved qualitative agreement
between the temporal structures of the SPP and LSP fields. In order to quantitatively
understand the relationship between the SPP and the LSP, we analysed the pulses in the
spectral domain, as shown in Fig. 5(a) and 5(b). A fourth-order polynomial nonlinear least
squares fit to the spectral phase was used to determine the carrier-envelope phase (CEP, @),
the group delay dispersion (¢,), and the third (@;) and fourth (¢4) order dispersion. The fitted
phase coefficients, as well as the central frequency (w() and full-width half-maximum
duration of the intensity envelope (t) are summarized in Table 1 for both the SPP and the
LSP.

The main difference between the LSP and SPP is a simple CEP shift of (0.432 + 0.009) &
rad. Changing H by + 10 nm (at fixed D = 200 nm) changes this shift by less than + 0.03 ©
rad, corresponding to a temporal change of 33 attoseconds (as) at the SPP central wavelength
of 670 nm. Changing D in 5 nm steps from 190 nm to 210 nm changes the CEP shift by less
than + 0.04 & rad, corresponding to 45 as. As the CEP shift is robust to slight changes in
nanotip dimensions, it is predictable and can be corrected for when analyzing experimental
results.

Apart from the CEP shift, the LSP and SPP temporal structures are in good agreement, as
shown in Fig. 5(c), with the other differences being a slight shift in central frequency of 4 x
10" rad s™' (corresponding to a central wavelength shift of approximately 10 nm), and a low
amplitude tail at around 10 fs which separates into a small post-pulse for some combinations
of H and D. Replacing the ,, @3, and ¢4 phase coefficients of the LSP with the corresponding
SPP phase coefficients did not remove the tail. We therefore attribute this feature either to
small amounts of higher order phase, or to the slightly larger temporal Fourier-limit of the
LSP (5.5 fs) compared to that of the SPP (5.1 fs).

The simulated LSPs contain a sub-structure below 10% of the peak electric field at times
>15fs after the pulse center, which is the origin of the interference fringes visible in the LSP
spectrum in Fig. 5(b). This sub-structure is a bit sensitive in phase and amplitude to the spatial
size of the simulation window but it is clearly not an artefact of the simulation. It comes from
its incident self-resonance behaivor after interacting with the SPP as a minor effect for Si. We
believe that it can be minimized by tuning the tip’s shape more and also can be subtracted
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from the experimental steaking result computationally in order to reach a better agreement in
its analysis.
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Fig. 5. (a) SPP spectral intensity (solid blue), phase (solid red), and fitted phase (dashed red).
(b) LSP spectral intensity (solid blue), phase (solid red), and fitted phase (dashed red) for Si
nanotip with 4 =450 nm, D = 200 nm and R = 10 nm. The fitted linear terms (corresponding
to a time delay) have been subtracted in (a) and (b) from the phase and the fitted phase. (c)
Normalized SPP (red) and LSP (black) electric fields. The fitted CEPs and linear phases have
been subtracted from both the SPP and LSP in (c), and the LSP has been delayed by an
additional 0.28 fs.

Table 1. Comparison of SPP and LSP central frequency, duration, and fitted spectral
phase coefficients for Si nanotip with H =450 nm, D =200 nm and R = 10 nm. The errors
in the fitted spectral phase coefficients are the 95% confidence intervals of the fit.

®p (10" rad s7™) T (f5) @ (m rad) ¢, (f5) Qs (f57) 94 (f59)
SPP 2.81 5.2 —0.049 + 0.002 34+02 25+£0.6 —13+5
LSP 2.77 5.6 0.383 £0.007 4.8+0.7 -07+2 -69+24

In summary, the temporal structures of the LSP of an off-resonant nanotip and that of the
SPP are in good agreement, implying that an off-resonant nanotip can be used as a local
sensor. Hence it can be used to characterize the SPP as a function of the propagation distance.

As shown in Fig. 4, the LSP field is enhanced with respect to the SPP field by about a
factor of 2.2. While this field enhancement is relatively modest, it is nevertheless
advantageous because of the short propagation lengths of SPPs. The field strength of an SPP
decays exponentially with a characteristic distance L as it propagates away from its excitation
point. There is typically a minimum field strength required for a robust field characterization
in an attosecond streaking experiment. An enhancement factor of 2.2 increases the
propagation length over which the field strength will remain sufficient for streaking by L
In(2.2), thereby increasing the propagation range over which the SPP can be studied. In order
to avoid background from the plain gold film, the XUV beam should be propagated at a
shallow angle to the surface, in such a position that it illuminates only the tip. Sample
positioning could be performed by measuring the count rate of photoelectrons emitted by the
XUV as a function the sample position, as demonstrated experimentally in Forg et al. [32].
With further optimization of the probe antenna, using for example composite materials and
different geometries, it should be possible to improve the field enhancement factor further.
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While streaking traces from nanostructured samples can be rather complex [27-31], it has
already been demonstrated experimentally that local near fields surrounding nanotips can be
characterized using attosecond streaking [32] and Si nano-tip on Au substrate is technically
available by exploiting the fabrication processes which was already demonstrated by several
groups [48-51]. In detail, the Si-Au-SiO, substrate can be made by e-beam or thermal
evaporation of Au and SiO, sequentially on Si wafer. The single or multiple silicon nano tip
on Au substrate could be made by selective plasma dry etching on the back side of Si wafer
after making small photoresist pattern on Si. The time of plasma dry etching determines not
only to make a Si nano tip shape also to eliminate residual Si substrate on Au film excepting
the Si nano tip. Finally, the Si nano tip on Au substrate could be fabricated for plasmonic
streaking experiment [48].

We therefore expect our proposed geometry to be ameanable to this technique. A key
advantage of using the Si tip is that it serves as a local probe of the SPP field with sub-
micrometer resolution and provides a direct measurement of the field evolution.

4. Conclusions

Collective electron dynamics, such as localized and propagating surface plasmons have been
theoretically investigated for a nanotip on surface. By a comparison of the temporal behaviors
of the field oscillation, enhancement factor and overall exponential decay lengths of the
enhanced plasmonic fields, we identify resonant and non-resonant conditions for the probing
of SPPs using a different material of the tip under given excitation conditions. We proposed
an experimental geometry which is adequate for tracing transient surface plasmon polaritons
using attosecond streaking spectroscopy without any direct influence by the NIR laser field on
the electron acceleration process.
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