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Ultrafast processes in nanooptics

There was significant progression in the research field of nanooptics and its applications in
recent years [1-4]. Intense parallel development occurred in the investigation of ultrafast light-
matter interaction processes on the nanoscale [5-6]. Along these lines, we and other research
groups started to carry out the examination of ultrafast electron emission and electron
acceleration in the nanolocalized and highly enhanced electromagnetic fields of propagating
and localized surface plasmon polaritons (SPPs) or nanotips [7-10].

As a continuation of this research direction, in this project ultrafast photoemission near-
field probing technique was developed [11] to investigate the fundamental question of
plasmon—plasmon coupling and its effect on large field enhancement factors. By measuring
and analyzing plasmon field enhancement values at different nanostructured surfaces based on
the spectrally resolved electron emission measurements, it was possible to separate the
contributions from propagating and localized plasmons (Figure 1). When resonance
conditions are met, a significant field enhancement factor can be attributed to the generation
of localized plasmons on surface nanostructures, acting as dipole sources resonantly driven by
the propagating plasmon field. The coupling of propagating surface plasmon waves and
localized plasmon oscillations in nanostructures is an essential phenomenon determining
electromagnetic field enhancement on the nanoscale.
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Figure 1. Surface morphology and the corresponding electron spectra. (a—c)
Atomic force microscope scans of plasmonic surfaces with different rms
roughness of 0.8 nm, 1.6 nm and 4.5 nm. (d—f ) Plasmonic photoelectron
spectra from the corresponding three surfaces by generating plasmons as a
function of laser intemsity. The black symbols correspond to electron spectral
cutoffs.

Moreover measurements were performed by a time of flight spectrometer investigating the
surface plasmon-induced photoemission on the ordered sample [12]. During the sample
preparation 100 nm dielectric spheres were deposited as an ordered structure by Langmuir-
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Blodget method on a rectangular prism and it was covered by a 45-nm gold film for plasmon
coupling. Oscillations with a certain period could be identified based on the measurements in
the time of flight spectra, and furthermore narrower peaks were detected with shorter time
periodicity. The possible interpretation of these peaks is the detection of high plasmon filed
induced electron pairs, consistent with previous results [13-14]

Furthermore, the nanoscale control of plasmonic field enhancement was demonstrated

experimentally by changing the polarization state of generating light [15]. Photoelectron
emission from plasmonic nanorods was generated by illumination with linearly and circularly
polarized femtosecond laser pulses. Determination of the field enhancement factor was
achieved by our above mentioned ultrafast method based on the measurement of the kinetic
energy spectra of photoelectrons accelerated in the plasmonic near-fields. [10-11]. The field
enhancement factor of plasmonic nanorods was determined by these methods in the case of
linearly and circularly polarized femtosecond laser pulses illumination. It was shown by
electron trajectory calculations that the same acceleration mechanism and scaling law is valid
for both polarization states of the excitation. Based on the numerical solution of Maxwell’s
equations the observed differences in field enhancement factors can be described by the
mode-mixing property of circularly polarized illumination, meaning parallel excitation of
multiple plasmon modes of the nanostructures. These experiments offer an ultrafast tool for
manipulating the field enhancement property of nanostructures by changing the polarization
state of light. These results have been already submitted to Applied Physics Letters journal.
(see Appendix A for manuscript.)

In addition nonadiabatic tunneling in the transition region between the multiphoton
emission and adiabatic tunnel emission is experimentally and theoretically investigated in
fields of plasmonic nanostructures [16]. Spectrally resolved photoemission experiments were
performed with a hemispherical energy analyzer between the regimes of multi-photon-
induced photoemission and the nonadiabatic tunneling of electrons at the surface of metal
nanoparticles with utilization the plasmonic nanometer-scale field localization and near-field
probing at the same time. By analyzing the distinct plateau-like structures that appear in the
photoelectron spectra, it was shown that in the transition region tunneling and rescattering of
electrons take place at the same time when the electron current depends on the photocurrent.
Measured electron spectral features in this transition region were well reproduced with the
numerical solution of the time-dependent Schrédinger equation. The manuscript writing is
already completed from these results and it will be submitted soon to Physical Review
Letters. (see Appendix B for manuscript)

Finally, time-resolved autocorrelation experiments based on nonlinear electron emission
from plasmonic nanoparticles were performed. Because multi-photon-induced emission takes
place from gold and silver at the utilized 800 nm wavelength therefore this highly nonlinear
process can be applied for constructing a nonlinear interferometric autocolerrator probing the
local field with the help of photoelectrons. The characteristic emission mechanism is the three
or four photon induced emission because of the work functions of the gold and the silver are
around 5 eV and the photon energy is around 1.5 eV at 800 nm wavelength.
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Figure 2. (a) Simulated and measured fourth order interferometric
photoelectron autocorrelation traces. The signal is defined by the
photoelectron current as a function of the delay. (b) Calculated optical
autocorrelation of the exciting laser pulse and simulated electron
autocorrelation showing that the plasmon autocorrelation broadens because
of spectral filtering.

During this experiment the total plasmonic photocurrent can be measured as a function of
the delay between the two arms of an ultrabroadband interferometer. Because the electron
emission is determined by the plasmonic near field therefore the time evolution of the
plasmon filed can be determined from this type of measurements. Based on the early
measurements with ultrashort few optical cycle laser pulses (5,5 fs), short few cycle localized
plasmon field can be generated. But the characteristic time evolution of plasmon near field is
longer than pulse length of the generating optical filed because of spectral filtering caused by
plasmon couplings (Figure 2)

Based on further measurement on rectangular nanoparticles, different plasmon pulse
lengths could be demonstrated at different polarization excitations in accordance with
different resonance frequencies depend on the characteristic lengths of the nanoparticles in
different directions of the polarization. In addition, the autocorrelation measurements are also
performed in energy resolution. The autocorrelations for a given electron energy range have
become measurable (Figure 3). In this way, for example it is possible to study the time
evolution of nanooptic field regions with the maximum field-enhancement, since the electrons
with the maximum energy are emitted from these spatial regions, and consequently we may
be able to make space and time resolved measurements. Further experiments are still ongoing
and the first results have not yet been published in referred journal, but have already been
presented at conferences [17-19].
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Figure 3. Electron autocorrelation traces evaluated at different electron
energies using laser polarization (a) perpendicular to long edge of the
nanorod and (b) parallel to long edge of the nanorod.

We also performed a research project connected to the field of attosecond science. High
harmonic generation (HHG) was studied on noble gas targets with different cluster sizes [20].
(Clusters are groups of atoms that usually exist only for short periods of time and under
special conditions, such as supersonic jets or flows). High harmonic spectra were measured
for different backing pressures and gases (Ar, Xe) as a function of driver pulse ellipticity.
Different cluster sizes can be produced by different backing pressures at different noble gases,
and the cluster sizes can be measured by light scattering [21].

Since the ellipticity-dependent HHG decay is essentially the same for the different gas-
pressure pairs and therefore for different cluster size, we can conclude that the recombination
process is dominated by atom-to-itself recollisions irrespective of cluster size and material.
This conclusion was supported by classical electron trajectory simulations in elliptic
electromagnetic fields. Based on this simulation the ratio of return events with respect to all
events (that is, returns and events when the electron misses the cluster) was calculated. This
quantity was called “return fraction” (Figure 4). Based on the FWHM of these return fraction
curves provide a rough first estimate on the threshold ellipticity one can expect and since this
type of increase of threshold ellipticity which could be originate from cluster to itself
recombination process was not observed experimentally, we could rule out this mechanism
and therefore the atom-to-itself recombination is dominated.
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Figure 4. Calculated the ratio of return events (return fraction) as a function
of ellipticity.. Here, only atom-to-itself and cluster-to-itself events are
distinguished.

The realization of those simulations was my major contribution in this publication. For this
work I was able to use my previous experience and my own model of plasmonic electron
acceleration and electron trajectory computation [22]. Of course, I have adapted this model
and simulation to the given problem [20].

Finally I would like to thank National Research, Development and Innovation Office for the
financial support since 2014.
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Abstract: We demonstrate experimentally that nanoscale control of plasmonic field
enhancement becomes available by changing the polarization state of light. This is
revealed by photoelectron emission from plasmonic nanorods illuminated with
linearly and circularly polarized femtosecond laser pulses. Simulations show that the
tunability of the field enhancement originates from the mode-mixing property of
circularly polarized illumination, meaning parallel excitation of multiple plasmon
modes of the nanostructures. This happens with the kinetic energy scaling laws
remaining the same.

The localization of optical near-fields at metal nanostructures is exploited in many applications,
including sensing [1], ultrafast nanoemitters [2, 3] and optoelectronic device technology [4]. Special
attention has been paid to the nanoscale control of localized fields induced by femtosecond laser
pulses in metallic nanostructures, such as nanocubes [5-7], nanodisks [8, 9], nanotriangles [10] or
more complex geometries [11, 12]. These experiments were mainly carried out with linearly
polarized laser pulses. Analysis of plasmonic response and ultrafast electron dynamics induced by
circularly polarized light is expected to provide further possibilities regarding the nanoscale control of
the electric field. Furthermore, majority of recent work aimed at the visualization of plasmonic near-
fields with microscopic methods where the location of the hot spots could be identified and
controlled, but the exact value of the field enhancement in the given hot-spots remained unknown.

Determination of the exact field enhancement factor became available [13-15] with our ultrafast
method based on the measurement of the kinetic energy spectra of photoelectrons accelerated in
the plasmonic near-fields [16, 17]. This technique exploits that the electrons that acquire the highest
kinetic energy in the nanolocalized field are the rescattered electrons, the kinetic energy of which
scales linearly with the local intensity, based on the ponderomotive acceleration mechanism [13, 18,
19]. Here, we use this method to quantify the field enhancement factor of plasmonic nanorods
illuminated by linearly or circularly polarized femtosecond laser pulses. We will show that the same
acceleration mechanism and scaling law is valid for both polarization states of the excitation, and the
observed differences in field enhancement factors originate from the mode-mixing property of
circularly polarized illumination, meaning parallel excitation of multiple plasmon modes of the



nanostructures. Our experiments offer an ultrafast tool for manipulating the field enhancement
property of nanostructures by changing the polarization state of light.
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Figure 1: a) Scheme of the experimental setup. Femtosecond laser pulses are guided through a
quarter-wave plate (QWP) for adjusting their polarization state (1 — linear, 2 — circular polarization),
and subsequently they are focused onto the sample with a spherical mirror (SM). Photoelectrons
(marked with green arrows) are collected with a time-of-flight spectrometer (TOF). b) and c)
Measured typical electron spectra belonging to 240 nm long nanorods illuminated with femtosecond
laser pulses having b) linear and c) circular polarization states.

Plasmonic nanorod samples having different lengths (210, 240, 270 and 300 nm) and different
plasmonic extinction maxima (1030, 1115, 1200 and 1275 nm, respectively, see Supplemental
Material) were fabricated by electron beam lithography onto indium-tin-oxide (ITO) coated fused-
silica plates (details of sample fabrication are provided in Supplemental Material). These samples
were placed into a vacuum chamber (pressure below 107 mBar) and were illuminated from the
backside by 30-fs pulses of a fiber laser system operating at the ELI-ALPS facility (central wavelength:
1030 nm, repetition rate: 100 kHz) [20]. Laser pulses were guided through a rotatable quarter-wave
plate for adjusting the polarization state, and they were focused by a spherical mirror onto the
surface of the nanostructured sample, where photoemission took place (Fig. 1 a)). Photoemitted
electrons were collected by a time-of-flight (TOF) spectrometer (Stefan Kaesdorf, ETF11), which has a
flight tube of 35 cm, and an acceptance angle of 45° full cone. The axis of the flight tube was normal
to the sample surface. By measuring the energy spectra of photoemitted electrons, we could
accurately determine maximum kinetic energies (Qn.x) of these photoelectrons acquired in the
rescattering process, which differed remarkably for linearly and circularly polarized pulses (Fig. 1 b)
and c)).

Polarization state can significantly affect photoelectron motion. For gas targets, the rescattering
processes are mostly suppressed under illumination by circularly polarized light because the
electrons do not return to the parent ion [21, 22]. However, in the case of a freestanding nanotip, the
electron dynamics under circularly polarized light was shown to be similar to that under linearly



polarized light according to the results of Yanagisawa et al. [23]. Therefore, as a first step of the
evaluation, we investigated the acceleration process and the achievable electron energies for our
samples in the frame of trajectory calculations.

The simulation of the electron trajectories was accomplished within the simple-man model, where
electrons are first photoemitted and then become ponderomotively accelerated in the total field
(sum of the external and induced fields) of the nanoparticle [24]. For these calculations, the temporal
evolution and spatial distribution of the electric field components were extracted from finite-
difference time-domain (FDTD) simulations, and the equation of motion was solved in this decaying
near-field around the nanorods’ hot spots (field distribution examples for 240 nm long nanorod are
shown in Fig. 2 a) and b)). Fig. 2 c) and d) show the resulting final kinetic energy of electrons without
rescattering (direct electrons) and with rescattering, in units of the ponderomotive energy of the
near-field. Kinetic energy is plotted as a function of the time instant of the emission measured from
the beginning of the half optical cycle of the local field oscillations which produces the maximum
electron energies. For near-infrared, linearly polarized excitation, the scaling of the maximum
electron energy during the acceleration in nanooptical near-fields reproduces the literature results
rather accurately [13, 19, 25, 26], given that, in this spectral range, the quiver amplitude of the
photoelectron motion is much smaller than the decay length of the plasmonic near-field [26]. This
criterion is fulfilled under our measurement conditions. Based on these, the 10U, scaling is valid for
the maximum kinetic energies of the rescattered electrons. It should be noted here, that U, is
defined throughout this paper using the parameters of the local field and not the exciting laser field:

_ ezEloc,maxz

Up - amew? (1)
where m and e are the electron mass and charge, respectively, wis the angular frequency of the local
field, Ei,. is the local electromagnetic field and c is the speed of light.

More importantly, there is only a negligible difference in the energy scaling between circularly and
linearly polarized excitation (Fig. 2 d). These results clearly demonstrate that in the case of circularly
polarized excitation, the 10U, scaling is also valid, and it can be used during the evaluation of the
measured electron spectra.
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Figure 2: a) and b) Calculated field distribution around a 240 nm long nanorod in a plane containing
the hot-spot considering a) linearly or b) circularly polarized illumination. Color bar represents field
enhancement factors for the 1030 nm spectral component. c) and d) The final kinetic energy of
electrons without rescattering (blue dash dot lines) and with rescattering (green solid lines) relative
to the ponderomotive energy in the case of c) linearly polarized and the d) circularly polarized
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excitation of the plasmonic field, plotted as a function of emission time. The electric force
component that is normal to the surface is also shown as a function of time (gray dotted line).

As a next step, we evaluated the experimental electron spectra measured on the nanorod samples
for determining plasmonic field enhancement factors [14]. The measurements showed that in most
cases it is the circularly polarized illumination that results in a higher field enhancement factor, with
a maximal value belonging to the 240 nm rod (FE,,,,=16.6, see Fig. 3 a)), and with differences larger
than 24% for the 270 and 300 nm rods. The measured field enhancement values are in good
agreement with the ones extracted from FDTD calculations within the error bars (Fig. 3 b)). Since the
trajectory calculations did not show any remarkable difference between the acceleration processes
for linear or circular polarization, it is the plasmonic response of the nanorods and the emerging
near-fields themselves that should be different under different illumination conditions. Detailed
analysis of plasmonic resonance spectra of the nanorods revealed that although the plasmonic
response of the nanorods differ only slightly in the spectral range of the laser source (i. e. resonance
peak positions are the same for both polarization states, see Supplemental Material), there are
prominent differences outside this spectral range affecting the overall behavior. Fig. 3 c) shows the
extinction curves for linear and circular polarization considering 240 nm nanorod length. The peak
belonging to the plasmon mode along the 240 nm length appears in both curves, while for circular
polarization a second peak is visible, which is attributed to the perpendicular plasmonic mode [27].
Although this second peak lies outside the laser spectrum, its effect slightly increases the width and
the amplitude of the resonance curve.
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Figure 3: a) Measured maximum field enhancement factor for nanorods having different lengths
applying illumination with different polarization states. b) Calculated field enhancement factor using
FDTD method. Error bars are calculated considering the broad radius of curvature distribution of the

used nanorods. ¢) Spectrum of the laser source (gray area) and extinction curves belonging to the

240 nm long nanorod. Double peak belonging to the circularly polarized excitation indicates the
excitation of different plasmon modes. d) Overlap parameter for nanorods having different lengths

considering illumination with different polarization states.
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This mode-mixing property of the circularly polarized illumination and its effect on the resonance
curve seem to promote a more effective energy transfer between the laser field and the plasmonic
modes. To quantify this effectiveness, we determined the spectral overlap between the laser
spectrum and the extinction spectra [28] by multiplying the laser spectrum with each extinction
spectrum and integrating these product curves. In Fig. 3 d), the spectral overlap parameter is plotted
for the different nanorods and different polarization states, showing a clear correlation with the
measured field enhancement factors. The similar tendencies observed here support that for circular
polarization, it is the excitation of multiple plasmon modes that affects the overall plasmonic
response, and - for the geometrical parameters of our nanostructures - results in a higher field
enhancement factor. Deviations for the 210 nm nanorod may originate from phase effects, since
overlap parameter does not account for phase relations of the two plasmonic modes.

In summary, we showed that polarization tuning of the illuminating laser pulse provides an ultrafast
tool for controlling the field enhancement factor of plasmonic nanorods. Our experimental method
enabled the determination of field enhancement factors for near-fields induced by linearly and
circularly polarized laser pulses. We showed that kinetic energy scaling of the photoelectrons are the
same for the applied polarization states, and the differences in the measured field enhancement
factors originate from the different plasmonic response of the nanostructures under different
illumination conditions. With circularly polarized pulses, multiple plasmonic modes can be excited
resulting in a larger overlap between the extinction spectrum of the nanorods and the laser
spectrum. This simple mode-mixing property of circularly polarized illumination provides an extra
knob to control the near-field of plasmonic nanorods. It can be established easily in experiments and
can be further exploited in diverse applications like helicity-driven optical switches with purpose-
designed nanostructures.
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Appendix B:

Nonadiabatic tunneling of photoelectrons in plasmonic near-fields
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Abstract - Nonadiabatic tunneling in the transition region between the multiphoton emission
(MPE) and adiabatic tunnel emission (TE) regions is experimentally and theoretically
explored in the near-fields of plasmonic nanostructures. Measured photoemission spectra
clearly show strong-field electron acceleration and recollision in the external field, yet,
counterintuitively, the measured photoemission yield shows nonlinear intensity dependece
characteristic for MPE. Measured electron spectral features in this transition region were well
reproduced with the numerical solution of the time-dependent Schrédinger equation.

Even though Keldysh’s original paper [1] laid the theoretical groundwork for much of
today’s investigations of strong-field physics for both atomic and solid state systems, strong-
field phenomena were initially explored mostly in atomic and molecular physics scenarios [2].
Investigation of photoemission in intense fields picked up pace slower in the condensed
matter physics community. Regardless, in either class of systems, the Keldysh scale parameter
is meant to provide a guide to the nature of the photo-ionization or -emission mechanism,
expressedly in the limiting cases. For higher optical frequencies and moderately strong fields,
with the scale parameter being well above one (y>>1), multi-photon-induced photoemission
dominates, with the photocurrent following the intensity envelope of the laser pulse, raised to
the multiphoton order [3]. Upon decreasing the optical frequency and/or increasing the laser
intensity (y<<I), tunneling of the electrons takes over with the photocurrent being ejected
adiabatically with the oscillating field into the continuum [3]. However, this general
understanding of fundamental light-matter interaction processes does not involve any
quantitative prediction (i) either on the value of y (in other words, the value of the laser
intensity) where the transition takes place, (ii) or on the exact physical processes taking place
in the transition regime. Here, we show results that provide answers to both of these issues.

Even though some contemporary experiments in atomic and molecular physics [4,5,6,7]
and also nanooptics [8] are conducted in the intensity range between these two extremes,
systematic experimental research highlighting the nature of this transition itself is missing.
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There are a few works where one can follow some sort of evolution of the electron emission
and rescattering process as the Keldysh parameter is tuned, but either the tuning is implicit
and hence not transparent [9], or it is explicit but it is confined to a region where only one
emission process dominates [10,11]. The question naturally arises: where do the transitions
between adiabatic and nonadiabatic tunneling, or between nonadiabatic tunneling and MPE
take place? For the latter, theoretical work on 1D and 2D H-atom-like systems [12,13]
analyzed the vy value for such a transition, putting it to ~2. A combined
experimental/theoretical work with gold nanotips confirmed this estimate [14] contributing to
the unified picture of laser-atom and laser-solid interactions. A further study [8] links the
onset of a delayed emission mechanism from a tungsten tip to that of AC tunneling at y =~ 2.3.
Based on the analysis of a quantum model of a 1D solid interface, a simple formula (y =

1.18,/W (eV)) was proposed for the lower bound of the transition between the multiphoton
and tunneling regimes [15]; resulting in y =2.5 for tungsten and 2.7 for gold. In contrast,
Ref. [16] reported on the multiphoton-tunnel transition taking place at y = 0.9.

Here, we demonstrate photoemission between the regimes of multi-photon-induced
photoemission and the nonadiabatic tunneling of electrons at the surface of metal
nanoparticles. We exploit plasmonic methods enabling nanometer-scale field localization and
enhancement [17,18] as well as near-field probing at the same time [19,20,21]. We analyze
distinct plateau-like structures that appear in the photoelectron spectra. Even though
analogous plateau features have been observed in the high-order above-threshold ionization
spectra of atoms [4], however, the electron rescattering process is significantly more efficient
in case of solid-state systems, making it significantly easier to detect. This way, we will show
that in the transition region tunneling and rescattering of electrons take place at the same time
when the electron current depends on the photocurrent in a manner that is characteristic for
multiphoton-induced emission.

It is known of photoionization processes in atomic physics that in the strong-field
regime, where tunneling electron emission sets in, photoelectrons are accelerated in a quasi-
classical manner in the laser field, and after rescattering with the parent ion, they can acquire
a maximum kinetic energy which is roughly ten times the ponderomotive potential (Up) of the
laser field, i.e. the average kinetic energy of a free electron moved by the field of the laser.
After small quantum mechanical corrections, the corresponding simple formula for the
measurable maximum electron kinetic energy is given by Ecuoir=10.01U, + 0.5381, [22],
which is generally considered valid for laser-atom interactions with the ionization potential ,,.
First, we have to check whether a similar simple relationship can be used in the case of
photoemission from metals by replacing the I, value with the work function, W. For this, we
constructed a quantum mechanical model and determined the scaling law that can be applied
for our case, i.e., photoemission into plasmonic near-fields. Within our model, we solved
numerically the 1D time-dependent Schrodinger equation (TDSE)

0¥ (z;t) _
at

in [T+ 0(2) + Viu(z 0)]¥ (2 £) (1)

by employing a mixed split-operator and Crank-Nicolson approach [23], where for the length-
gauge form of the Vi(z;1) = zE10c(2,1) electron-laser interaction term we have also included a
0 (z) exponentially decreasing function (i.e., Ej.=Ein(t) @ (z)) that was obtained by fitting on
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the field enhancement values acquired by Lumerical FDTD [24] runs at a number of z; > 0
(10{1,2,...}) discrete distances in the near vicinity of plasmonic nanorods. The incident fields
considered for the simulation were Gaussian pulses centered at 800 nm with pulse durations
of t=15.3 fs at full-width at half-maximum (FWHM) intensity. Here, the ¥)=%(z;r=0) initial
wavefunction (WF) of the electron, located on the Fermi-level in the bulk and described by
the V(z) = exp[-B(z + |2)] [2(z + |z|) + I/AEr+ W)]"' potential, was obtained by diagonalizing
the field-free Hy= 7 + V Hamiltonian-matrix represented on a finite difference grid (for more
details see the supplementary text).
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Figure 1. (a) Calculated photoelectron spectra (ionization probability density) for
different /, incident peak intensities 800 nm central wavelength, 5.3 fs pulse length;
and 5.3 eV work function (gold). Field enhancement is taken into account with a
Q(z) exponentially decaying curve (i.e. for z>0 Ij..(z) = Q *(z) I, determines local
peak intensities). The electron spectral cutoff energy is defined as the parameter b of
the fin.a model function that fits the higher energy (plateau-rolloff) region. (b) The
upper solid dark-blue curve shows the scaling of these cutoff energies (solid blue
squares) with the peak intensity: Eoyorr= 10.01U,+ 0.43W (with
Up~Iyjocmax~1o). The scaling follows atomic physics results very well, showing the
onset of rescattering for I, > 0.1 TW/cm®. In the lower part, final (r=7) total

incident

ionization probabilities (red symbols) are shown together with the P(I,) ~ I,*” power
function (dashed red line).

Figure 1(a) shows the photoelectron spectra (projections of the ionized WF onto
continuum plane wave states) calculated after the completion of the laser pulse for different /
peak field intensities. As one can observe, a clearly distinguishable plateau feature started to
appear from /o> 0.12 TW/cm®. By introducing the concept of the local Keldysh parameter v,
which is defined by using the maximum of the plasmonically enhanced local field on the
target’s surface (z=0), i. €., Yjoc= m(ZW)” 2/E10C,max, with Ejoc.max = EoQ (z=0), one can observe
in Fig. 1 that the aforementioned intensity values correspond to yi,< 1.8. For the higher
energy part (the plateau and the roll-off region) of these spectra, we fitted a four-parameter
model function fieq(x) = c—a(x—b)[l—exp(—d(x—b))]'1 [dotted line in Fig. 1(a)], where we took
the value of the b parameter, i.e., the intersection point of the two linear lim;_ Fo(fimod)
asymptotes, as the photoelectron cutoff energy: Ecyoff=b. In Figure 1(b) we show the

17

Tot. lon. Prob. - P



obtained cutoff energy values as a function of different peak intensities. By fitting, we
determined the scaling

Ecutors = 10.01Up + 0.43W 2).

It is worth noting here that the last quantum mechanical correction term was found to be
only slightly different from the 0.538W value obtained for atomic targets [25]. This slight
lowering effect of the cutoff energy can be presumably attributed to the decaying profile of
the local field in the case of the plasmonic nanotargets, whereas in [25] a homogeneous EM
field was considered. Using a decaying field the distant part of the photoelectron’s quantum
mechanical WF is accelerated by a different, i.e., a lower, electric field than in the regions
close to the surface of the metal.

In addition to the scaling law of the cutoff energy we also calculated the final total
ionization probability as a function of Iy (red circles in Fig. 1(b)) and a transition from
multiphoton to strong-field regime could be clearly identified starting from the local Keldysh
parameter of yj, < 1.4. In addition to this, by considering that the plateau feature started to
appear in the spectra from vy, <2, we showed that the transition between the two regimes
starts within the region of vy, U [1.4, 2], providing a reliable estimate and initial answer to
one of our fundamental research questions.

After having a verified simple scaling law at hand (Eq. 2), we could study how
photoemission from different plasmonic nanoparticles takes place into electromagnetic hot-
spots of our samples. We used laser pulses with octave-spanning bandwidth that were
generated by a commercial Ti:sapphire laser oscillator (Venteon Pulse One) at a repetition
rate of 80 MHz. The pulses were compressed to ~7.2 fs duration in case of sample A (see
table 1) and 10.7 fs for samples B and C by a combination of chirped mirrors (Layertec
103366), a pair of fused silica wedges and plane-parallel fused silica slabs. Characterization
of the pulse duration was performed using interferometric FROG (IFROG) and d-scan
techniques (see inset of Fig. 2(a)). The laser pulse energy was controlled by a neutral density
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| »‘%:—‘ J.L...

600 850 1100

Fig. 2. (a) Scheme of the experimental setup. Few-cycle laser pulses from the a Ti:S
oscillator are focused by an off-axis parabolic mirror and illuminate the back side of the
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measured laser spectrum and reconstructed temporal pulse profile in case of sample A.
(b) Typical measured photoemission spectra for different laser intensities (the values are
given in the legend in W/cm?). (¢) Cutoff energies extracted from the spectra.

The sample was housed in a high-vacuum chamber (base pressure: <10~ mbar), and
was positioned with nm accuracy in all three dimensions using stacked piezostages (Attocube
ECS 3030). Laser pulses with linear polarization were focused to a spot of ~7.4 um in
diameter (1/e*) with an off-axis parabolic mirror, and illuminated the sample from the back
side. Electrons emitted from the surface of the nanostructures entered a hemispherical energy
analyzer (SPECS Phoibos 100 R7). Data acquisition was controlled using the SpecsLab
Prodigy software, by setting an energy width of 0.1 eV and scanning center of the energy
window between 0.4 eV and typically 50 eV. The spectra shown on top right inset of Fig. 2 was
collected with an entry slit width of 3 mm and an open exit slit. To avoid detector saturation,
the signal was reduced by a factor of 20-30 by using a laser beam chopper to let only a small
portion of the pulses through to the experiment. The Earth's ambient magnetic field is
compensated with 3 sets of Helmholtz coils, seated outside of the vacuum chamber.

For a given nanostructure, a series of spectra were collected at different incident laser
intensities. At low laser intensities, the spectra show a narrow low-energy peak at around 7-
8 eV (due to the instrumental bias of the hemispherical analyzer), and an exponential ’tail” at
higher electron kinetic energies (a straight line on a semilogarithmic graph, see Fig. 2(b)).
These correspond to direct electrons (i.e. those that are accelerated, but not rescattered in the
local fields). As the laser intensity is increased—just like in the simulations—the spectra
develop a distinct plateau-like feature at higher electron kinetic energies, signaling the
appearance of electrons that are ejected, accelerated and rescattered in the time-varying
enhanced local fields. We analyze this portion of the electron energy distributions to
determine the strength of the local fields. At each laser intensity, the electron cutoff kinetic
energy was determined from the associated spectrum. We substitute the expression for the
ponderomotive energy (Up) to equation (2) to find that the cutoff energy is a linear function of
the peak intensity, and its slope is proportional to the square of the nanoplasmonic field
enhancement.

Ecurops = 10.01Up + 0.43W
e? 2
=10.01 Q%I +0.43 W 3)

4meegcw?

Here, o is the central angular frequency of the laser, W is the work function of the metal
(~5.3 eV for gold in our case), E;;,. is the electric field of the incident laser radiation, Q is the
local field enhancement (E;,. = QEj,. ), m, is the electron mass and e is the elementary
charge. We use this relationship to determine the field enhancement by linearly fitting the
cutoff energy vs. peak intensity curve. (See Figs. 2(b) and 2(c) for illustration and the
supplementary information for details of this procedure.)

Fig. 3 shows the overview of the results. In panels (a-c) we show SEM images of the
nanostructures A, B, and C [sed in the experiment (for designations, see Table 1; the incident
laser field is polarized horizontally, along the scale bar). In each column of Fig. 3, the data
corresponding to each nanostructure is present. The photoelectron yield vs incident laser
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intensity (bottom axis) are plotted on a dolble logarithmic scale in panels (j-1). In the same
panels, the local Keldysh parameter (y,,.) is indicated (top axis). Linear fit (red solid line) to
the raw data (black circles) show slopes between 2.9 and 3.6, indicative of photoelectron
emission dle to absorption of abolt 3-4 photons from the incident laser field. These are
reasonable n[mbers given that o[t laser spectr[in spans from 630 nm to 1100 nm with a
central wavelength of 803 nm (corresponding to 1.54 eV photons) and the nominal valle of
5.3 eV for the work fl'nction. These are also in accordance with res[Its of ol sim[lations (see

Fig. 1(b)).
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Fig. 3. (a-c) SEM images of the gold nanostructures. The laser polarization was linear,
and horizontal along the scalebar in all cases. (d-f) Spatial distributions of the field
enhancement values from FDTD simulations in a plane at a height of ~15 nm above the
substrate surface. Black circles mark monitor points in these planes; these and further
monitor points in other planes were used for calculating the average field enhancement
values in Table 1. (g-i) Measured photemission spectra for different incident laser
intensities, with the local Keldysh parameter values indicated for each spectrum. (The
yield is normalized to the global maximum value of each dataset and shown on a
logarithmic scale.) (j-1) Photoemission yields as a function of incident peak laser intensity
(black circles) and linear fits (solid red lines). The nonlinear exponents are ~3.6 for the
triangular nanostructures and ~2.9 for the nanorods.

Photoelectron spectra (see Fig. 3(g-1)) at higher laser intensities give evidence of the
appearance of rescattering electrons with s{bstantially increased kinetic energy, which form
the above-mentioned platealtlike featlte. This res(lts in the cltoff energy also shifting to
higher energies, and enables the determination of the field enhancement (see Table 1), along
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with the magnitude of the local field and the local Keldysh parameter. Earlier work [16]
suggests that in case the quiver amplitude of the electrons is much smaller than the local field
decay length (i.e. the adiabacity parameter 6 > 1), then the appearance of the plateau electrons
signifies that the Keldysh parameter is y;,. < 1, i.e. tunneling starts to play an important role
in the ionization process. The shape of the photoemission spectra shown in Fig. 3(g-i) for the
lowest incident intensities consist of a low-energy peak and an exponential fall-off (straight
line on the semi-logarithmic plot, hence the spectra are ‘triangle-shaped’). Such spectra are
well-known to be observed under conditions y;,. > 1, i.e. in the multiphoton regime [26].

As the intensity is increased, high energy electrons start to appear and contribute to the
plateau region of the spectrum due to acceleration in the enhanced local field and elastic
rescattering from the gold surface. This transition is observed at Keldysh parameter values of
about 1.99, 2.29 and 2.28, respectively. This is in very good agreement with our theoretical
results in Fig. 1, showing the appearance of 10U, electrons for y;,. < 2.2, representing the
onset of strong-field effects. However, at the same time, for 1.35 <y, < 2.2 in the
nanoplasmonic near-field, the power-law scaling of the photocurrent with laser intensity also
holds true with a constant exponent. Thus, strong-field electron acceleration features and
multiphoton scaling laws are present at the same time in this transition region. This is in
accord with experiments highlighted in [8], but not with the calculations shown in [15]. In the
latter, a hallmark of the onset of tunnel emission is the deviation from the smooth power-law
dependence. Our work highlights the importance of considering the spectral signatures of the
rescattered electrons, in addition to the dependence of the emitted yield on peak intensity.

Field Enhancement
Nanostructure
measured calculated

Triangle (160 nm x 100 9.4+0.63 8.28+2.2
A .

nm), fig. 3(a)

Rod (192 nm x 103 nm), 12.2+0.3 10.7+1.8
B )

fig. 3(b)
C Triangle (50 nm x 200 nm), 15+0.6 13.8+1.3

fig. 3(c)

Table 1. Summary of the measured and calculated field enhancement values
(see supplementary information for details).

In summary, we demonstrated nonadiabatic tunneling photoemission in few-cycle near-
fields in the vicinity of various plasmonic nanostructures. By doing so, we pointed out the
regime where multiphoton emission scaling laws and strong-field electrons are present at the
same time. By analyzing these electron spectra and determining plasmonic field enhancement
with spectral cutoffs, we could show the presence of ponderomotively accelerated electrons in
this region which is perfectly characterized by multiphoton emission scaling laws. This way,
we could also show the Keldysh-gamma range where nonadiabatic tunneling photoemission
takes place.
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