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Abstract: In this paper, we analyze the ultrafast temporal and spectral responses of optical
fields in tapered and metalized optical fibers (MOFs) and optical plasmon nanostrip probes
(NPs). Computational experiment shows that output pulses of the NPs are virtually
unchanged in shape and duration for input pulses with a duration of >1 fs and are not
sensitive to changes in the parameters of the probe (such as convergence angle and taper
length), while local enhancement of the electric field intensity reaches 300 times at the NP
apex. Compared with the NPs, MOFs lead to significant output pulse distortions, even for
input pulses with a duration of 10 fs. In addition, the temporal response at the MOF apex is
critically sensitive to changes in MOF parameters and cannot provide any significant local
enhancement of the electric field. These findings reveal the high potential of optical plasmon
nanostrip probes as an ultrashort pulse delivery system to nanometer-size areas and indicate
that its usage can be promising for a wide variety of techniques studying ultrafast processes in
nanoscopic volumes.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Revealing local chemical information at the level of individual nanoobjects is important in
physics, chemistry, biology, materials science, and medicine. This task is now a routine
requirement in many laboratories employing techniques such as Raman spectroscopy [1-11].
In addition, modern broadband lasers are capable of producing femtosecond pulses [12—-15],
which can be used for the study of ultrafast processes and coherent dynamics in a large
variety of systems. The current challenge in nanophotonics is combining nanoscale light spots
(£ 100 nm) and ultrashort pulses (< 50 fs), the area where ultrasmall meets ultrafast [16-22].
The reason for this is that the focus of ultrafast science is rapidly moving toward increasingly
complex systems [17], such as multiphoton microscopy in membranes and cells, quantum
networks in diamond, or excitonic coherence in photosynthesis. However, the task of
disentangling the heterogeneous contributions to dynamics in such complex structures
requires femtosecond time resolution to be accompanied by nanometer spatial excitation
volumes. Despite extensive developments, this goal has yet to materialize. One of the major
challenges in this area is to engineer and control the ultrafast response of a system, which is
required to fully realize the potential of ultrafast nanophotonics in physical, biological, and
chemical applications. In particular, advances in this area can help researchers around the
world to gain a better and deeper understanding of ultra-fast processes at the level of single
nanoparticles.

Recently, in the field of ultrafast science, great attention has been paid to apertureless
probes [22-26] and stand-alone plasmonic nanoantennas. However, despite little evidence for
pulse distortion as long as the pulse durations are on the order of 10 fs, schemes involving
these structures are usually connected with high background noise [27,28] and offer useful
signal detection only in the far-field regime, making correct interpretation of the signal more
difficult [29,30]. In addition, the ultrafast temporal and spectral responses of such structures
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are very sensitive to the geometrical and physical parameters variation [31]. Among aperture-
type probes, tapered and metalized optical fibers (MOFs) are widely used to confine light into
a nanometer-size spot [32-35]. This widespread utilization is related to their mature and
relatively simple and cheap fabrication techniques. However, MOFs suffer from low optical
efficiency (10°~107 at a tip diameter d of 100 nm), which leads to a small signal-to-noise
ratio and the complexity of useful signal detecting. Additionally, because of the dispersion
[36-38], cutoff core tip diameter [37], and ghost re-reflection from the metal coating, the
signal can be significantly degraded and extended in time during travel through the MOF to
the nanoscale tip apex. To increase optical efficiency, several structures have been proposed,
among which an optical plasmon microstrip probe (other names include “metal-insulator-
metal gap plasmon waveguide” and “campanile near-field probe”) [39—45,30] is the most
promising because of its relatively high optical efficiency (2 x 107" at 4 = 30 nm) and high
electric field intensity enhancement (up to 2500 at the probe apex). The name “microstrip
probe” originates from microwave theory; in fact, this structure has nanometer characteristic
sizes. Thus, in this paper, we use the name “optical plasmon nanostrip probe” (OPNP, or just
NP), because such a name reflects the physical reality of this structure more correctly. At the
same time, Lapchuk et al. showed [40] that the fundamental quasi-TMy, mode of the NP has
no dispersion, which can indicate that an ultrashort pulse will not be significantly extended in
time during propagation down to the probe nanoscale apex. In addition, this fundamental
mode does not have a cutoff frequency, which allows its propagation down to the
subwavelength tip apex and formation of a 10-50 nm highly intensive light spot without
noticeable re-reflection from the metallic coatings. All of these characteristics make
application of the nanostrip probe as an ultrashort pulse delivery system to nanometer-size
areas very promising in a wide variety of techniques studying ultrafast processes, such as
femtosecond-stimulated Raman spectroscopy [46-52] and femtosecond time-resolved
impulsive stimulated Raman spectroscopy [53,54].

Because, to the best of our knowledge, the abovementioned structures (metalized optical
fibers and optical plasmon nanostrip probes) have not been considered for this purpose,
neither theoretically nor experimentally, we provide in this paper a computational experiment
on the propagation of ultrashort pulses (< 10 fs at the FWHM intensity level) in MOFs and
NPs and confirm the assumption regarding the potential of the nanostrip probe as an
ultrashort pulse delivery system. Along with recently proposed methods for the manufacture
and effective excitation of the NP [45,55], these findings may give a new impetus to the
development of ultrafast nanophotonics.

2. Details of numerical simulation

The analysis was based on the numerical solution of linear Maxwell’s equations by the three-
dimensional finite-difference time-domain method [56]. The Drude model [57] was used to
describe the interaction of the metals with electromagnetic radiation. The parameters of the
employed materials were taken from [58]. We used the Drude model and multi-coefficient
model [59] to fit the dielectric functions of gold and fused silica, respectively. Despite the fact
that interband absorption plays an important role on the femtosecond scale [60], utilizing of
the Drude model for structures analyzed in the manuscript is appropriate for the following
reasons: 1) In the case of MOFs, propagating modes considered in the manuscript almost do
not penetrate in the metal and energy losses are mainly due to their back reflection from the
metal coating, rather than absorption in the metal. Absorption plays more important role at the
very tip of the MOFs (where the tip diameter is relatively small), however most of the modes
in this area are cutoff and, therefore, length of this absorption area is too short to make a
significant influence on the obtained output signals. 2) In the case of NPs, if excitation photon
energy is higher than the threshold for interband transition in a metal, interband electrons
excitation may lead to additional intensity attenuation [61] of the fundamental plasmon mode
of the NP, however qualitatively it will not change the obtained output signals. All boundaries
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of the simulation cube contained perfectly matched layers and were set to be more than 400
nm away from the surfaces of the metal structure to avoid absorption of near fields. The
magnetic wall was placed in the plane of symmetry, y = 0. The convergence of the numerical
simulation results and the mesh adaptation of the models used were also analyzed before the
simulation (see Appendix).

In Fig. 1, the initial MOF model used for simulation is presented with its legend. Materials
used: core — bare fused silica (cyan color); coating — gold (yellow color). Among other
metals, gold was chosen based on the following criterion: |gimag| << |Ercall, Where &imag is the
imaginary part and &, is the real part of the complex permittivity of the medium; it has
relatively low dissipative losses at wavelengths above 550 nm. The diameter of the input
coupler (4,000 nm) was chosen based on readily available single-mode fibers for wavelengths
of 600-850 nm. The tip diameter d and convergence semi-angle a for the initial MOF
configuration were 100 nm and 20.7°, respectively. The tip diameter d of 100 nm was chosen
to achieve subwavelength spatial resolution. Convergence semi-angles for all MOF
configurations were chosen according to readily available fabrication techniques [62—65]. It is
worth to note here that since this structure is absolutely symmetrical with respect to the axis
of rotation, the output signal is invariant with respect to the direction of linear polarization of
the exciting laser radiation.

Input coupler

(a)

s X

4, 000 nm

3D linear
taper

Fig. 1. Perspective (a) and cross-sectional side (b) views of a schematic illustration of a MOF
structure: / is the length of the taper section; a is the convergence semi-angle; d is the tip apex
diameter; the thickness of the gold coating is 50 nm.

As the skin depth of gold is approximately 25 nm at a wavelength of 833 nm, the
thickness of the gold coating of 50 nm is sufficient to prevent any field penetration through
the coating. To excite this structure, we used the TE;; mode of a regular perfect electrical
conductor (PEC) waveguide filled with fused silica. This excitation method was dictated by
the desire to excite mostly the guided HE;; mode of the MOF, as among other guided modes,
this mode has the smallest cutoff diameter and thus is the most preferable one in a real
experiment.

In Fig. 2, the initial NP model used for simulation with its legend is illustrated. Materials
used: core — bare fused silica (cyan color); covering strips — gold (yellow color). The
convergence angle o for the initial NP configuration was 46.4°. The parameters of the NP
were chosen according to the fabricated nanodevice [43]. It is worth to note here that linear x-
polarized exciting laser radiation is required for this structure, because in the case of
polarization along y-axis, the excited mode of NP will be characterized by a very small
throughput due to the cutoff frequency and high background noise, which makes this case
uninteresting from the application point of view.
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Fig. 2. Perspective (a), cross-sectional side (b), and top (c) views of a schematic illustration of
the NP structure: / is the length of the taper section; a is the convergence angle; the thickness
of the gold coating is 50 nm.

The electric field of the electromagnetic wave of a pulse produced by an ultrafast laser can
be expressed in the following form [12]

E"™(£) = A(t)sin(@yt + @), (1)

where A(f) is the pulse shape envelope, wy is the carrier frequency of the center of the laser
emission spectrum, and ¢ is the phase offset between the envelope maximum and the nearest
maximum of the carrier frequency. The appearance of a phase offset is related to the fact that
the envelope moves at the group velocity, while the carrier frequency moves at the phase
velocity; because of dispersion in the resonator, these velocities are different. In our
simulation, to excite the structures under consideration, we used three ultrashort Gaussian-
shaped pulses centered at 833 nm (fy = 3.6e14 Hz) with different FWHM duration times A¢
(see Fig. 3): 0.79 (a), 4.33 (b), and 9.45 (c) fs. Note unless otherwise specified, all intensities
in the paper are normalized to the maximum value of the input pulse intensities.

Linear optical transmission through a structure is fully characterized by the complex-
valued transfer function Z(w) in the following form [66]:

Eoutput (w) - Z(w)Einput (w)’ (2)

where E™"(w) and E*“""(w) are respectively the source field and the corresponding response
of the structure in the frequency domain. In this way, knowledge of the transfer function Z(w)
and E™"(w) makes it possible to calculate the output signal E””*(f) in the time domain.
However, transfer function does not provide visual information about the shape and duration
of the output signal, so for clarity in the paper we presented the transfer function via the input
and output signals.
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Fig. 3. Ultrashort Gaussian-shaped pulses centered at 833 nm (fo = 3.6e14 Hz) with different
duration times At: 0.79 (a), 4.33 (b), and 9.45 (c) fs.

In the next Section, we will present results showing the evolution of the pulses as they
propagate to the tip apex of the probes for various probe configurations.

3. Results and discussion
3.1. Tapered and metalized optical fibers

Figure 4(a) shows the signal intensity envelopes (excitation laser pulse duration Az = 0.79 fs)
at the start of the input coupler and at the very end (at the apex) of the MOF for the initial { +
Au}{ + tip} configuration (red curve); modified {-Au}{ + tip} configuration without gold
coating of the tip (green curve); and modified{-Au} {-tip} configuration without a 50-nm tip
at all (blue curve). For the { + Au}{ + tip} configuration (Fig. 4(a), red curve), the output
signal first peak intensity is 0.055 and the second one is 0.078. Local field attenuation for the
first peak is 18.2 times. The duration of the first peak is 2.76 fs (absolute elongation is 1.97 fs;
relative elongation is 249.4%), and that of the second one is 2.16 fs (absolute elongation is
1.37 fs; relative elongation is 173.4%). The time delay between the input signal and the first
peak of the output signal is 30.85 fs.
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Fig. 4. (a) Signal intensity envelopes at the start of the input coupler and at the very end of the
MOF for the initial { + Au}{ + tip} configuration (red curve); modified {-Au}{ + tip}
configuration without gold coating of the tip (green curve); and modified {-Au}{-tip}
configuration without a 50-nm tip at all (blue curve); (b) Reflected signal intensity at the start
of the MOF for modified {-Au}{-tip} configuration. Az =0.79 fs; a = 20.7°; [ = 5,161 nm; d =
100 nm.

For the {-Au}{ + tip} configuration (Fig. 4(a), green curve), the output signal first peak
intensity is 0.085 and that of the second one is 0.046. Local field attenuation for the first peak
is 11.8 times. The duration of the first peak is 2.99 fs (absolute elongation is 2.20 fs; relative
elongation is 278.5%), and that of the second one is 2.89 fs (absolute elongation is 2.20 fs;
relative elongation is 265.8%). In this case, the first peak is higher than the second one
(compare with the red curve). The time delay between the input signal and the first peak of
the output signal is 30.63 fs.

For the {-Au}{-tip} configuration (Fig. 4(a), blue curve), the output signal first peak
intensity is 0.238 and that of the second one is 0.180. Local field attenuation for the first peak
is 4.2 times. The duration of the first peak is 2.86 fs (absolute elongation is 2.07 fs; relative
elongation is 262.0%), and that of the second one is 2.53 fs (absolute elongation is 1.74 fs;
relative elongation is 220.3%). In this case, the first peak is also higher than the second one,
but has a much larger intensity than for {-Au}{ + tip}. The appearance of the input signal
peak is observed at 2.47 fs; that of the output signal first peak at 33.01 fs; and that of the
second peak at 90.73 fs. Thus, the time delay between the input signal and the first peak of
the output signal is 30.54 fs, and that between the first peak and the second peak of the output
signal is 57.72 fs. In this way, the second peak of the output signal for all configurations can
be explained by the multiple reflections of the electromagnetic waves from the metallic
coating of the MOF. To confirm this, we measured the reflected signal intensity at the start of
the input coupler for the modified {-Au} {-tip} configuration. The reflected signal intensity is
illustrated in Fig. 4(b). The reflected peak with the highest intensity is observed at 61.99 fs,
which confirms our assumption about multiple re-reflection of the pulse.

In the first approximation, we can consider the light propagation in a MOF as separate
modes propagating in a tapering cylindrical waveguide with a dielectric core and metal layer
cladding. A set of different modes arise at the interface between a common waveguide
(dielectric waveguide or dielectric waveguide with perfect metal cladding, as in our case) and
a plasmon cylindrical waveguide because of the different electric field structures of the modes
of these waveguides. Because the MOF structure has cylindrical symmetry, a beam should
preserve the symmetry of the excitation mode and only modes with azimuthal index “1”
should be taken into account. As the tapering waveguide is an inhomogeneous one, there is
thus an effect of mode transformation. However, because the different modes have a very
different field structure and the change in waveguide shape with light propagation is
relatively slow, in the first approximation we can neglect the effect of mode interaction. In
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this case, the main effect of waveguide tapering will be a mode back-reflection on the way to
the probe apex and practically full back-reflection when they reach their cutoff size.

The dispersion of modes in a cylindrical waveguide with a dielectric core and finite metal
cladding was analyzed in much detail in [37,38]. Below, we will use the mode classification
proposed by Novotny and Hafner in [37]. Because all modes with azimuthal index “1”
(except HE;) have cutoff diameters, only several first modes having the smallest cutoff
diameter play an important role in energy transmission to the MOF apex. For small MOF
diameters, the HE; mode mostly propagates outside the waveguide area [37] and therefore
will not be excited under our excitation condition, so it can be omitted from the analysis.
Hence, the HE,;, EH;;, HE», and EH;; modes play the main role in energy transmission to
the MOF apex, and the most important are the first two modes. All first modes with azimuthal
index “1” have strong dispersion in the diameter range close to that of the cutoff. This results
in beam width broadening for every waveguide mode and a shift in time of the beams of
different modes. The time and phase shifts of the different waveguide modes beams result in
interference of fields at the MOF apex. The first output energy pulse has two definite
subpeaks that can be associated with the two beams of the HE,, and EH;; modes (see Fig.
4(a)). The result of the strong laser beam intensity peak extension is a small intensity of light
at the probe apex. The second output pulse is due to the re-reflection and returning back
beam. The reflected back beam is clearly seen in Fig. 4(b). The reflected signal has a more
complicated shape because it is the interference of many reflected-back waveguide modes. In
all three cases depicted in Fig. 4(a), the second peak of the output signal is less distorted than
the first one; however, as a result of the comparison of intensity with the first peak, it should
be an in-phase interference of the fields of two modes. From Fig. 4(a), it is obvious that the {-
Au} {-tip} configuration is the most suitable for application because it provides the highest
signal intensity at the end of the MOF.

Figure 5 shows the input and output signal intensity envelopes (Figs. 5(a) and 5(c)) and
signal amplitudes (Figs. 5(b) and 5(d)) for the {-Au}{-tip} configuration of the MOF for
(Figs. 5(a) and 5(b)) pulse duration Az =4.33 fs and (Figs. 5(c) and 5(d)) Az =9.45 fs.

From Fig. 5(a) {At = 4.33 fs}, the output signal first peak intensity is 1.918, that of the
second one is 0.882, that of the third one is 0.139, and that of the fourth one is 0.085. Local
field enhancement for the first peak is 1.9 times. The duration of the first peak is 7.77 fs
(absolute elongation is 3.44 fs; relative elongation is 79.4%), that of the second is 5.14 fs
(absolute elongation is 0.81 fs; relative elongation is 18.7%), that of the third is 6.06 fs
(absolute elongation is 1.73 fs; relative elongation is 40.0%), and that of the fourth is 4.87 fs
(absolute elongation is 0.54 fs; relative elongation is 12.5%). The time delay between the
input signal and the first peak of the output signal is 31.12 fs.

From Fig. 5(c) {At = 9.45 fs}, the output signal first peak intensity is 3.412, that of the
second one is 0.748, and that of the third one is 0.207. Local field enhancement for the first
peak is 3.4 times. The duration of the first peak is 12.36 fs (absolute elongation is 2.91 fs;
relative elongation is 30.8%), that of the second is 8.99 fs (absolute compression is 0.46 fs;
relative compression is 4.9%), and that of the third is 11.06 fs (absolute elongation is 1.61 fs;
relative elongation is 17.0%). The time delay between the input signal and the first peak of
the output signal is 32.58 fs.

From Figs. 4 and 5, it is clear that fs pulses significantly degrade during propagation
through a MOF to its subwavelength apex. In addition, local field enhancement is not
pronounced (< 4 times), and for a pulse with Af = 0.79 fs, even attenuations up to 18.2 times
were observed (see Fig. 4(a)). The decrease in field enhancement with the decrease in initial
pulse duration can be easily explained by a large pulse elongation at the probe apex for
shorter pulses.
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Fig. 5. Input and output signal intensity envelopes (a,c) and signal amplitudes (b,d) of the
MOF for the {-Au} {-tip} configuration for (a,b) pulse duration Az =4.33 fs and (c,d) Ar=9.45

fs. «=20.7°;, 1= 5,161 nm; d = 100 nm.

It is well known that very weak field enhancement (and even significant attenuation in
some cases) can be attributed to the cutoff diameter of the MOF apex (d = 100 nm; deypfr
~Ao/2-sqrt(n) =300 nm), where all guided modes become attenuated. To demonstrate this fact,
we performed simulation for apex diameters d of 400 and 600 nm for a pulse width Az = 0.79
fs for the {-Au}{-tip} configuration (see Fig. 6(a)). Also in Fig. 6(a), the output signal
intensity envelope for a taper that is twice as short (larger convergence semi-angle, o = 37.1°;
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Fig. 6. (a) Signal intensity envelopes for the {-Au}{-tip} configuration with d = 400 nm, a =

20.7° (red curve);

d = 600 nm, a = 20.7° (green curve); and d = 100 nm, o = 37.1° (blue

curve); (b) Reflected signal intensity at the start of the MOF for modified short taper
configuration: At =0.79 fs; a = 37.1°; 1 =2,580.5 nm; d = 100 nm.
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For d = 400 nm, a = 20.7° (Fig. 6(a), red curve), the output signal first peak intensity is
2.432; that of the second one is 0.127. Local field enhancement for the first peak is 2.4 times.
The duration of the first peak is 7.54 fs (absolute elongation is 6.75 fs; relative elongation is
854.4%); that of the second is 5.04 fs (absolute elongation is 4.25 fs; relative elongation is
538.0%). In this case, despite the much higher intensity of the output signal first peak, the
peak is significantly stretched in time. The time delay between the input signal peak and the
first peak of the output signal is 31.51 fs.

For d = 600 nm, a = 20.7° (Fig. 6(a), green curve), the output signal first peak intensity is
3.920; that of the second one is 0.087. Local field enhancement for the first peak is 3.9 times.
The duration of the first peak is 6.31 fs (absolute elongation is 5.52 fs; relative elongation is
698.7%); that of the second one is 3.43 fs (absolute elongation is 2.64 fs; relative elongation
is 334.2%). Therefore, in the case of d = 600 nm, despite the much higher intensity of the first
peak of the output signal, the peak is also significantly stretched in time. The time delay
between the initial signal and the first peak of the output signal is 32.21 fs. In this case, we
can also see an additional subpeak at 31.2 fs before the main subpeak at 34.7 fs. This
additional subpeak can be attributed to the guided HE;, mode [37]. At d = 400 nm, this
guided HE |, mode is rapidly attenuated and cannot be seen in the red curve (see Fig. 6(a)).

For a short taper, d = 100 nm, o = 37.1° (Fig. 6(a), blue curve), the output signal first peak
intensity is 1.781; that of the second one is 0.329; and that of the third one is 0.259. Local
field enhancement for the first peak is 1.8 times (in this case, we even obtain the field
enhancement, not attenuation as for the initial taper with d = 100 nm, which can be explained
by the shorter “cutoff” taper length). The duration of the first peak is 2.59 fs (absolute
elongation is 1.80 fs; relative elongation is 227.8%); that of the second one is 2.32 fs
(absolute elongation is 1.53 fs; relative elongation is 193.7%); and that of the third one is 5.63
fs (absolute elongation is 4.84 fs; relative elongation is 612.7%). The time delay between the
initial signal and the first peak of the output signal is 16.24 fs. It is worth noting that for this
configuration, the second peak is not as intense as it was for the initial taper (see Fig. 4(a),
blue curve). Figure 6(b) shows the reflected signal intensity at the probe start for a short taper.
In Fig. 6(b), a few peaks can be observed, which also indicates the multiple reflection of the
pulse in the MOF.

Summing up these results, we can conclude that, using a MOF, it is impossible to achieve
a single-peak not-extended response at the probe apex because of the significant pulse
distortion during propagation. In addition, the output signal shape is very sensitive to the
structure configuration, which means that it is difficult for this structure to control the output
signal. All this requires an in-depth preliminary engineering work, for instance, the use of
different laser pulse shaping techniques [67—-69]. Thus, this structure requires very careful
manufacturing with high reproducibility.

In Fig. 7, the spectral dependence of the input and output signals of the {-Au}{-tip}
configuration of the MOF with an initial taper (a = 20.7°; / = 5,161 nm) is shown for initial
pulse durations Az of (a) 0.79 fs, (b) 4.33 fs, and (c) 9.45 fs for d = 100 nm. Also, in Fig. 7(a),
the output signal of the MOF {-Au}{-tip} configuration with a shorter taper (a = 37.1°; [ =
2,580.5 nm) is illustrated (green curve). From Fig. 7(a), it is clear that the output signal
intensity is slightly higher only in the frequency range of 350 to 620 THz. Under 350 THz,
the output signal is lower than the input one and reduces as the frequency approaches 0. This
result can be explained by the fact that, for the same MOF cross-section diameter, lower
frequencies are reflected more strongly. A small drop after 500 THz can be attributed to the
increased losses in the gold cladding starting at these frequencies. Thus, the intensity
distribution of the output signal is irregular. Note that knowledge of E™”(w) and E”"*(w)
gives the ability to calculate the so-called impulse response function [67] and, therefore, to
perform a necessary laser pulse shaping.
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Fig. 7. The spectral dependence of the output signal of the MOF for initial pulse durations A¢

of (a) 0.79 fs, (b) 4.33 fs, and (c) 9.45 fs; {-Au}{-tip} configuration; d = 100 nm. Note: here
amplitudes are not normalized to the maximum input value.

3.2. Optical plasmon nanostrip probe

Figure 8 shows the signal intensity envelopes (excitation laser pulse duration A¢ = 0.79) at the
start of the input coupler (black curve) and at the very end (at the apex) of the NP for the
initial { + tip} configuration (red curve); modified {-tip} configuration without tip (pink
curve); modified fully symmetric {sym} configuration without tip (blue curve) (convergence
semi-angle, o = 49.0°); and for a taper that is 2.75 times longer (lower convergence angle, o =
20.9°) {long_taper} (black dashed curve).

For the { + tip} configuration (Fig. 8, red curve), the output signal peak intensity is
169.474. Local field enhancement for the output peak is 169.5 times. The duration of the
output peak is 1.42 fs (absolute elongation is 0.63 fs; relative elongation is 79.7%). The time
delay between the input signal peak and the peak of the output signal is 8.30 fs.

For the {-tip} configuration (Fig. 8, pink curve), the output signal peak intensity is
194.035. Local field enhancement for the output peak is 194.0 times. The duration of the
output peak is 1.43 fs (absolute elongation is 0.64 fs; relative elongation is 81.0%). The time
delay between the input signal peak and the peak of the output signal is 7.43 fs. Thus, as the
length of the tip decreases (or in the case of its absence), the output signal peak increases in
intensity, which coincides with the results obtained in [43].

For the {sym} configuration (Fig. 8, blue curve), the output signal peak intensity is
204.561. Local field enhancement for the output signal peak is 204.6 times. The duration of
the output peak is 1.42 fs (absolute elongation is 0.63 fs; relative elongation is 79.7%). The
time delay between the input signal peak and the peak of the output signal is 7.73 fs. Figure 8
shows that the fully symmetric configuration of the NP without a tip has the highest output
signal intensity.
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Fig. 8. Signal intensity envelopes (excitation laser pulse duration Az = 0.79) at the start (black
curve) and at the end of the NP for the initial { + tip} configuration (red curve); modified {-
tip} configuration without tip (pink curve); modified fully symmetric {sym} configuration
without tip (blue curve); and for a taper that is 2.75 times longer (lower convergence semi-
angle, o = 20.9°) {long_taper} (black dashed curve).

For the {long_taper} configuration (Fig. 8, black dashed curve), the output signal peak
intensity is 119.649. Local field enhancement for the end peak is 119.6 times. The duration of
the output signal peak is 1.35 fs (absolute elongation is 0.59 fs; relative elongation is 70.9%).
The time delay between the input signal peak and the peak of the output signal is 8.17 fs. It is
interesting to note that in the case of the NP, increasing the taper length from 400 to 1,100 nm
does not lead to a significant increase in the time delay (the increase is approximately 0.75
fs). However, in the case of the MOF, increasing the taper length from 2,580.5 to 5,161 nm
leads to an increase in the time delay of 14.31 fs.

Figure 9 shows the input and output signal intensity envelopes (Figs. 9(a) and 9(c)) and
signal amplitudes (with envelopes) (Figs. 9(b) and 9(d)) at the start and end of the NP for the
{-tip} {initial taper} configuration for (Figs. 9(a) and 9(b)) pulse durations A¢ = 4.33 fs and
(Figs. 9(c) and 9(d)) At =9.45 fs.

From Fig. 9(a) {At = 4.33 fs}, the output signal peak intensity is 278.095. Local field
enhancement for the output signal peak is 278.1 times. The duration of the output signal peak
is 4.43 fs (absolute elongation is 0.10 fs; relative elongation is 2.3%). The time delay between
the input signal peak and the peak of the output signal is 8.52 fs.

From Fig. 9(c) {At = 9.45 fs}, the output signal peak intensity is 305.980. Local field
enhancement for the output signal peak is 306.0 times. The duration of the output signal peak
is 9.65 fs (absolute elongation is 0.20 fs; relative elongation is 2.1%). The time delay between
the input signal peak and the peak of the output signal is 8.64 fs.

From Figs. 8 and 9, it is obvious that fs pulses degrade insignificantly during propagation
through the NP to its subwavelength apex. In addition, local field enhancement is relatively
noticeable (up to 306 times). Note that for all NP configurations, the time delay between the
input signal peak and the peak of the output signal is no longer than 9 fs, which makes the NP
suitable for use as a simultaneous pump and probe pulse delivery system.

Summing up these results, we conclude that using the NP for pulses with duration At > 4
fs does not lead to any noticeable pulse degradation and allows a single-peak not-extended
response with enhanced intensity at the probe apex. At the same time, for a pulse with A¢ < 1
fs, a slight output pulse extension is observed; however, the output signal has only one peak,
which preserves the virtually ideal Gaussian shape. Additionally, the output signal shape is
insensitive to changes in the structure configuration for all pulses, which means that it is easy
for this structure to control the output signal and it does not require in-depth preliminary
engineering work. Therefore, this structure does not require careful manufacturing with high
reproducibility.
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Fig. 9. Signal intensity envelopes (a,c) and signal amplitudes (with envelopes) (b,d) at the start
and end of the NP for the {-tip} {initial taper} configuration for (a,b) pulse durations A¢ = 4.33
fs and (c,d) At =9.45 fs; a = 46.4°.

To compare both structures, in Fig. 10, only the output signal intensities are shown for the
(a) MOF and (b) NP with different taper lengths. From Fig. 10, it is clear that the NP output

signal is

virtually unchanged, as only the intensity is slightly changed with a change in the

taper angle. In comparison with the NP, the MOF output signal is significantly degraded and
its shape also changes as the taper angle changes.
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Fig. 10. Comparison of the MOF (a) and NP (b) for different convergence angles; Az = 0.79 fs.

In Fig. 11, the spectral dependence of the input and output signals of the {-tip}
configuration of the NP (a = 46.4°; / = 400 nm) is shown for initial pulse durations A¢ of (a)
0.79 fs, (b) 4.33 fs, and (c) 9.45 fs. Also, in Fig. 11(a), the output signal of the NP {-tip}
configuration with a longer taper (a = 20.9°; / = 1,100 nm) {green curve} is illustrated. From
Fig. 11(a), it can be seen that the amplitude of the output signal is higher than for the input
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one throughout the entire frequency range. Additionally, the amplitude distribution is
virtually uniform, with a small drop above 500 THz. This drop can be attributed to increased

loss in the gold stripes starting at these frequencies.
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Fig. 11. The spectral dependence of the input and output signals of the NP for initial pulse
durations Az of (a) 0.79 fs, (b) 4.33 fs, and (c) 9.45 fs. Note: here amplitudes are not
normalized to the maximum input value.

In Fig. 12, the dependence of the axial z-component of the output signal intensity of the
MOF (black curve) and NP (red curve) is shown for an initial pulse duration Az of 0.79 fs.
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Fig. 12. Dependence of the axial z-component of the output signal intensity of the MOF (black
curve) and NP (red curve) for an initial pulse duration A¢ of 0.79 fs.

The MOF output signal is significantly degraded and has a very low intensity (the
maximum intensity is < 1.15e-7). At the same time, duration of the NP output signal is 1.47 fs
(absolute elongation is 0.68 fs; relative elongation is 86.1%) and the maximum intensity is
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relatively high (approximately 0.86). This fact indicates that, in contrast with the MOF, the
NP can be used to excite longitudinal vibrations in a sample.

3.3. Usual (regular) and tapered single-mode optical fibers

The issue of NP excitation is worth addressing here, as in order to obtain an undistorted
output pulse at the apex of the NP, it is necessary to deliver an undistorted laser pulse to the
input coupler of the NP. In the case of NP fabrication on the facet of an optical fiber [45] or in
the case of NP excitation using the photoplastic connector [55], this delivery function lay on
an optical fiber, either a usual (regular) or tapered one. It is thus important to understand how
the input pulse is degraded during propagation through these structures [70].

Figure 13 illustrates the signal intensity envelopes at the start and end of a common
single-mode optical fiber (core diameter is 4,000 nm; fiber length is 5,000 nm) for excitation
laser pulse durations Af of (a) 0.79 fs, (b) 4.33 fs, and (c) 9.45 fs. It should be noted here that
the output signal intensities were renormalized according to the electric field anti-node at the
point of the output signal measurement (the anti-node originates from the electromagnetic
wave reflection at the fiber end facet as a result of the finite length of the fiber).
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Fig. 13. Signal intensity envelopes at the start and end of the usual single-mode optical fiber
for excitation laser pulse durations At of (a) 0.79 fs, (b) 4.33 fs, and (c) 9.45 fs.

From Fig. 13(a) {Ar = 0.79 fs}, the output signal peak intensity is 0.60. Local field
reduction is 1.7 times. The duration of the output signal peak is 1.15 fs (absolute elongation is
0.36 fs; relative elongation is 45.6%). The time delay between the input signal peak and the
peak of the output signal is 26.31 fs.

From Fig. 13(b) {A¢ = 4.33 fs}, the output signal peak intensity is 0.992. Local field
reduction is 1.008 times. The duration of the end peak is 4.31 fs (absolute compression is 0.02
fs; relative compression is 0.5%). The time delay between the input signal peak and the peak
of the output signal is 26.31 fs.
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From Fig. 13(c) {At = 9.45 fs}, the output signal peak intensity is 1.005. Local field
enhancement is 1.005 times. The duration of the output signal peak is 9.44 fs (absolute
compression is 0.01 fs; relative compression is 0.1%). The time delay between the input
signal peak and the first peak of the output signal is 26.54 fs. In fact, the deviations in
intensity and duration for A¢ = 4.33 and 9.45 fs can be attributed to computational error, as
they are negligibly small (< 0.5%).

From Figs. 13(a)-13(c), we can conclude that a common optical fiber does not lead to
significant pulse elongations for pulses with duration At > 4 fs, for which the shape and
duration are preserved virtually ideally. However, for very ultrashort pulses, i.e., < 1 fs, an
optical fiber with a very wide bandwidth and low loss is required to obtain an undistorted
output pulse [71].

Figure 14 shows the signal intensity (a) and intensity envelopes (b,c) at the start and end
of a tapered single-mode optical fiber (start core diameter is 4,000 nm; end core diameter is
600 nm; taper length is 3,000 nm; convergence semi-angle o is 29.5°) for excitation laser
pulse durations At of (a) 0.79 fs, (b) 4.33 fs, and (c) 9.45 fs.
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Fig. 14. Signal intensity (a) and intensity envelopes (b,c) at the start and end of a tapered

single-mode optical fiber for excitation laser pulse durations At of (a) 0.79 fs, (b) 4.33 fs, and
(c)9.45 fs.

From Fig. 14(a) {At = 0.79 fs}, the local field enhancement is approximately 10 times.
The output signal is slightly wider than the input signal.

From Fig. 14(b) {Ar = 4.33 fs}, the output signal peak intensity is 28.117. Local field
enhancement is 28.1 times. The duration of the output signal peak is 4.46 fs (absolute
elongation is 0.13 fs; relative elongation is 3.0%). The time delay between the input signal
peak and the peak of the output signal is 23.08 fs.

From Fig. 14(c) {At = 9.45 fs}, the output signal peak intensity is 29.5. Local field
enhancement is 29.5 times. The duration of the output signal peak is 9.53 fs (absolute
elongation is 0.08 fs; relative elongation is 0.8%). The time delay between the input signal
peak and the peak of the output signal is 23.25 fs.
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Therefore, from Fig. 14, it is obvious that the output pulse of the tapered fiber undergoes
barely noticeable degradation, even for very ultrashort input pulse duration (0.79 fs), and for
pulses > 4 fs, it has virtually the same duration with an enhanced intensity (up to 30 times;
this result coincides with the results obtained in [72]).

Figure 15 shows the signal intensities (not envelopes) at the start and end of a tapered
single-mode optical fiber with shorter (1,000 nm; a = 59.5°) and longer (5,000 nm; o = 18.8°)
tapers. From Fig. 15, it is clear that the output signal of this structure is sensitive to changes in
the structure, so it requires preliminary engineering work before fabrication to obtain a set
output pulse shape at the apex. However, detailed analysis of these structures (usual and
tapered optical fibers) is beyond the scope of the current study.
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Fig. 15. Signal intensities (not envelopes) at the start and end of a tapered single-mode optical
fiber with shorter (1,000 nm; o = 59.5°) and longer (5,000 nm; o = 18.8°) tapers.

4. Conclusion

In summary, we performed a computational experiment on ultrashort pulse propagation in
tapered and metalized optical fibers (MOFs) and optical plasmon nanostrip probes (NPs).
Numerical results showed that the temporal response at the apex of a MOF is severely
distorted relative to the input pulse and the output signal is characterized by multiple peaks
with different durations and intensities. The heaviest distortions were observed for the case of
an input pulse with a duration of 0.79 fs (absolute and relative elongations of the output signal
first peak are up to 2.07 fs and 262.0%, respectively). However, for input pulses with
durations of 4.33 and 9.45 fs, distortions of the output signal are also marked: the absolute
and relative eclongations of the output signal first peak are up to 3.44 fs and 79.4%,
respectively. This intensity peak elongation causes a significant drop in the field intensity for
extremely short pulses at the probe apex and decreases the nonlinear interaction of light with
a sample. Also, the axial z-component of the output signal of the MOF is very weak and
distorted and cannot be used for longitudinal vibration excitation. Additionally, the temporal
response at the MOF apex is critically sensitive to changes in the MOF parameters (such as
convergence semi-angle and taper length) and cannot provide any significant local field
enhancement. The spectral response is characterized by an irregular distribution resulting
from the “cutoff effect” of the MOF.

Compared with the MOF, the NP provides a temporal response at its apex that virtually
replicates the Gaussian shape and duration of the input pulse for input pulse durations of 4.33
and 9.45 fs (absolute and relative elongations are no more than 0.2 fs and 2.3%, respectively).
At the same time, for an input pulse of Az = 0.79 fs, a larger output pulse extension was
observed (absolute and relative elongations of the output signal peak are up to 0.64 fs and
81.0%, respectively). However, even in this case, the output signal has only one peak, which
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preserves the virtually ideal Gaussian shape. In addition, the output signal shape is insensitive
to changes in the structure configuration for all pulse durations, which means it is easy for
this structure to control the output signal, and it does not require any in-depth preliminary
engineering work. Therefore, this structure does not require careful manufacturing with high
reproducibility. The axial z-component of the NP output is also very intense and undistorted
and therefore can be used to excite longitudinal vibrations in a sample. Analysis of the
spectral response of the NP shows that the amplitude of the output signal is higher than that
for the input signal throughout the entire frequency range. Additionally, the amplitude
distribution is virtually uniform.

Propagation of fs pulses was also briefly analyzed for usual and tapered optical fibers.
Taken together, these findings reveal the high potential of optical plasmon nanostrip probes as
an ultrashort pulse delivery system to nanometer-size areas and make its usage very
promising in a wide variety of techniques studying ultrafast processes in nanoscopic volumes.
Along with the recently proposed methods of manufacture and effective excitation of the NP
[45,55], we believe that the present study will provide a new impetus to the development of
ultrafast nanophotonics.

Appendix. Mesh adaptation details and analysis of the convergence of
numerical results

Mesh adaptation was performed using two parameters: flux of radiation through the control
area, P,,x and the parameter, S1,1. Mesh adaptation was performed for initial laser pulse
duration of 0.79 fs centered at 833 nm.

Model 1: Tapered and metalized optical fiber (MOF). Model 1 comprises a bare fused
SiO, core entirely covered by Au coating (see Figure 1 of the main text). Parameters of the
model 1 used for mesh adaptation process are as follows: / = 5,161 nm; a = 20.7°;, d = 100
nm. The control area, Py, has a circular shape and is located 25 nm before MOF tip apex.
Pypex has a diameter of 600 nm. The magnetic wall was placed in the plane of symmetry, y =
0. Table 1 illustrates the radiant flux through the control area, values of the S1,1 and the
corresponding relative errors, J at a central frequency, /= 360 THz for different mesh cell
numbers.

Table 1. Radiant flux through the control area, values of the S1,1 and the corresponding
relative errors, 0 at central frequency, f=360 THz for different mesh cell numbers

Mesh cells Minimum Maximum Pipex, a.UL. O(Papex), %o S1,1,dB J(S1,1), %
mesh step, mesh step,
nm nm
82,809,216 5 24.963 0.0073492 43.415 —17.09694 4.125
96,208,250 5 23.6228 0.0073708 43.249 —17.06551 4.301
130,518,360 | 5 21.5482 0.012641 2.672 —17.88237 0.279
193,955,328 | 5 18.3792 0.012988 0 -17.83253 0

It can be seen from the presented data that the point with the maximum number of mesh
cells can be taken as the reference value with a relative error of 0. In the study of model 1 the
parameters in bold type in Table 1 were used. In Fig. 16, the dependence of the relative
errors, 0 on the mesh cell numbers is shown.
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Fig. 16. Dependence of the relative errors, 6 on the mesh cell numbers.

Model 2: Optical plasmon nanostrip probe (NP). Model 2 comprises a bare fused SiO,
central layer with two (top and bottom) Au strips (see Fig. 2 of the main text). Parameters of
the model 2 used for mesh adaptation process are as follows: / = 400 nm; a = 46.4°. The
control area, Pypex has a rectangular shape and is located 25 nm before NP tip apex. Pypex has a
size of 300 nm x 300 nm. The magnetic wall was placed in the plane of symmetry, y = 0.
Table 2 shows the radiant flux through the control area, values of the S1,1 and the
corresponding relative errors, J at a central frequency, /= 360 THz for different mesh cell
numbers.

Table 2. Radiant flux through the control area, values of the S1,1 and the corresponding
relative errors, ¢ at central frequency, f= 360 THz for different mesh cell numbers

Mesh cells Minimum Maximum Popex, al. | 0(Papex), % S1,1,dB Jo(SL1), %
mesh step, mesh step,
nm nm
51,174,240 1 45.3333 0.040447 | 7.942 —5.8372 2.645
77,858,352 1 17.3491 0.037657 | 0.496 -5.70595 | 0.337
89,361,792 1 14.8707 0.037558 | 0.232 -5.69455 | 0.137
102,234,342 1 12.3868 0.037471 | 0 —5.68677 | 0

It can be seen from the presented data that the point with the maximum number of mesh
cells can be taken as the reference value with a relative error of 0. In the study of model 2 the
parameters in bold type in Table 2 were used. In the case, the relative error does not exceed
0.3 and 0.2% for the radiant flux and S1,1, respectively. In Fig. 17, the dependence of the
relative errors, 6 on the mesh cell numbers is illustrated.

+5(Papex
F=—8(51,1)

Relative error (%)
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Fig. 17. Dependence of the relative errors, & on the mesh cell numbers.

Model 3: Usual (regular) optical fiber. Model 3 comprises a bare fused SiO, core with a
cladding made of the doped fused SiO, (2% lower refractive index). The core has a diameter
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of 4,000 nm and the cladding has a diameter of 6,000 nm. The control area, Pp,x has a
circular shape and is located 25 nm before optical fiber end. Py, has a diameter of 5,000 nm.
The magnetic wall was placed in the plane of symmetry, y = 0. Table 3 illustrates the radiant
flux through the control area, values of the S1,1 and the corresponding relative errors, J at a
central frequency, /= 360 THz for different mesh cell numbers. It can be seen from the
presented data that the point with the maximum number of mesh cells can be taken as the
reference value with a relative error of 0. In the study of model 3 the parameters in bold type
in Table 3 were used. In the case, the relative error does not exceed 0.05 and 0.3% for the
radiant flux and S1,1, respectively. In Fig. 18, the dependence of the relative errors, J on the
mesh cell numbers is shown.

Table 3. Radiant flux through the control area, values of the S1,1 and the corresponding
relative errors, o at central frequency, f= 360 THz for different mesh cell numbers

Mesh cells Minimum Maximum Pypex, a0, O(Papex), Y0 S1,1,dB J(SL1), %
mesh step, mesh step,
nm nm
980,288 33.9807 65.7982 0.92376 2.573 —14.62828 9.236
21,697,642 13.1926 32.8947 0.94992 0.186 —13.23945 1.135
72,686,835 8.78735 21.9298 0.94855 0.04 -13.42707 0.266
154,169,730 8.77193 14.8707 0.94816 0 —13.39139 0
104
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Fig. 18. Dependence of the relative errors, 0 on the mesh cell numbers.

Model 4: Tapered optical fiber. Model 4 comprises a bare fused SiO, core with a cladding
made of the doped fused SiO, (2% lower refractive index). The initial diameter of the core is
4,000 nm and of the cladding is 6,000 nm. The terminal diameter of the core is 600 nm and of
the cladding is 700 nm. The convergence semi-angle a is 29.5°.The control area, Pypex has a
circular shape and is located 100 nm before optical fiber end. Py« has a diameter of 1,400
nm. The magnetic wall was placed in the plane of symmetry, y = 0. Table 4 shows the radiant
flux through the control area, values of the S1,1 and the corresponding relative errors, J at a
central frequency, /=360 THz for different mesh cell numbers.

It can be seen from the presented data that the point with the maximum number of mesh
cells can be taken as the reference value with a relative error of 0. In the study of model 4 the
parameters in bold type in Table 4 were used. In the case, the relative error does not exceed 0
for both radiant flux and S1,1. In Fig. 19, the dependence of the relative errors, 0 on the mesh
cell numbers is illustrated.
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Table 4. Radiant flux through the control area, values of the S1,1 and the corresponding
relative errors, ¢ at central frequency, f= 360 THz for different mesh cell numbers

Mesh cells Minimum Maximum Pypex, . O(Papex), Y0 S1,1,dB J(SL1), %
mesh step, mesh step,
nm nm
14,526,784 | 2 75.3889 0.30041 5.156 -21.23657 3.589
25,442,784 | 2 49.9259 0.31307 1.159 -20.09722 1.969
40,150,074 | 2 37.1944 0.31507 0.572 —19.75468 3.640
58,601,604 | 2 29.5556 0.31572 0.322 —20.11875 1.864
82,961,400 | 2 24.463 0.31674 0 -20.50087 0
6 -
5] 5
= J(Papex

4 ——5(81,1)

Relative error (%)
(<]

0.0 3.0x107 6.0x107 9.0x107 1.2x10°
Meshcells

Fig. 19. Dependence of the relative errors, d on the mesh cell numbers.
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