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We demonstrate strong-field photoelectron emission from gold nanorods driven
by femtosecond mid-infrared optical pulses. The maximum photoelectron yield is
reached at the localized surface plasmon resonance, indicating that the photoemission
is governed by the resonantly-enhanced optical near-field. The wavelength- and field-
dependent photoemission yield allows for a noninvasive determination of local field
enhancements, and we obtain intensity enhancement factors close to 1300, in good
agreement with finite-difference time domain computations. © 2015 Author(s). All
article content, except where otherwise noted, is licensed under a Creative Commons
Attribution 3.0 Unported License. [http://dx.doi.org/10.1063/1.4927151]

Over the past years, strong-field light-matter interaction has increasingly been studied at sur-
faces and nanostructures, featuring local field enhancements and sub-wavelength confinement of
optical near-fields. Nonlinear photoelectron emission, a prominent phenomenon in this area, has
been intensively studied for various individual metallic nanostructures,'™ thin films'®!! or antenna
arrays,'>~!> with motivations for optically-controlled electron propagation in ultrafast electronics,'®
ultrafast electron'’-'? and x-ray sources,?” as well as phase-resolved imaging and spectroscopy.'®?!

Metal nanotips displaying broadband near-field enhancements present a prominent model sys-
tem for highly nonlinear photoelectron emission and acceleration, and studies have been conducted
in the visible to near-infrared,"*7?>?3 mid-infrared® and Terahertz ranges'®?* Nanoparticles and
plasmonic antennas constitute another platform for photoemission studies,®%!>? as they exhibit
field enhancements from resonant surface plasmon modes,”>~>’ which may be further amplified by
geometric edge enhancements. Recent work has investigated resonance-enhanced nonlinear photo-
emission at near-infrared frequencies.”!?

Resonant nanostructures in the mid-infrared (MIR) spectral range offer attractive features
in photoemission, yielding access to the strong-field regime at reduced local intensities,!'! and
providing for higher ponderomotive energies as well as novel sub-cycle regimes in photoelectron
acceleration.® Furthermore, low absorption and reduced radiative damping lead to increased damage
thresholds and larger field enhancements,”®?’ respectively.

In this Letter, we study strong-field photoemission from resonant gold nanorods driven by
femtosecond MIR pulses. The wavelength-dependent, nonlinear photoelectron yield follows the
resonance profile of the nanorods, and intensity-dependent measurements allow for a noninvasive
determination of the local intensity (field) enhancement factors, reaching 1290 (36) at the reso-
nance. This quantitative information on the enhancement factor, which cannot be obtained from
far-field characterization alone, is of immediate relevance for plasmon-assisted spectroscopy, such

as surface-enhanced infrared absorption spectroscopy.’*-3?
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FIG. 1. (a) Scanning electron micrograph of a nanorod array (rod length 1 pm). (b) Experimental setup. Tunable mid-infrared
pulses are focused onto a nanorod array in a high vacuum chamber. Electron kinetic energy spectra are measured with a
magnetic-bottle time-of-flight spectrometer.

For the experiments, two-dimensional arrays (1100 x 1100 elements) of gold nanorods (length:
1 wm, width: 150 nm, height: 50 nm) are fabricated on ZnS substrates (zinc blende structure) with a
Cr adhesion layer by electron beam lithography and a lift-off process (Fig. 1(a)). A spacing of 5 um
between the rods prevents possible near-field couplings.***> A 5-nm-thick gold capping serves as a
conduction layer to avoid sample charge-up during photoemission.

MIR pulses at center wavelengths tunable from 3-10 um and pulse durations of about 160 fs are
produced by difference frequency generation (DFG) of signal and idler waves from an optical para-
metric amplifier (OPA), pumped by amplified Ti:Sapphire laser pulses (central wavelength: 800 nm,
pulse duration: 50 fs, repetition rate: 1 kHz). A parabolic mirror (see Fig. 1(b)) is used to focus the
MIR pulses at near normal incidence to spot diameters of about 30 um. In order to illuminate multi-
ple rods (typically around 8000) and to minimize the influence of chromatic variations in focusing,
the sample was placed at a defocus position with a beam diameter of about 500 wm, giving rise
to incident peak intensities of 0.5-1.5 GW/cm? for pulse energies of 80-230 nJ and pulse durations
measured as a function of wavelength. For a polarization parallel to the nanorod axis, we excite a
fundamental longitudinal mode (the half-wave dipole antenna mode) with a resonance wavelength
of 5 wm. Photoelectrons emitted from the nanostructures are guided by a magnetic-bottle to a
time-of-flight (TOF) spectrometer for measurements of the photoelectron yields and kinetic energy
spectra.’®

Figure 2(a) displays the photoelectron yields as a function of incident peak intensity for
different excitation wavelengths on a double-logarithmic scale. All curves exhibit a strongly nonlinear
intensity-dependence and shift to lower intensity for excitation wavelengths closer to the resonance,
which illustrates the underlying near-field enhancement.

To characterize the photoemission regime and for an evaluation of the local field enhance-
ment, the intensity-dependence of the electron yield is analyzed by fitting the Fowler-Nordheim
(FN) equation to the data, including barrier reduction (Schottky effect),’” as shown in Fig. 2 (solid
lines), e.g., in Fig. 2(b) for 5.0 um excitation. In fitting the yields, we use the work function of
5.1 eV for polycrystalline gold.*®* Throughout the measured intensity range, the nonlinearity of
the yield decreases with intensity (the local slope varies from ~9 to ~7 in the peak intensity range
of 0.65-1.3 GWcm™2) and remains smaller than a corresponding multi-photon dependence (slope 20
at a photon energy of 0.25 eV and the 5.1 eV work function). From the FN fits, we deduce a local
electric-field amplitude of 3.5 Vnm™' and a Keldysh parameter*’ y = /¢/2U,, of approximately
0.80, which indicates optical field emission as the underlying process (metal work function ¢,
ponderomotive energy U, = e’E?/4mw?, with e, m the electron charge and mass, respectively, E the
electric-field amplitude and w the optical frequency). It should be noted that the total experimental
electron yield per antenna is significantly reduced compared to both theoretical expectations and
measurements at single nanotips. This is caused by the low collection efficiency in the magnetic
bottle geometry in conjunction with a surface and the resulting high fraction of electrons reabsorbed
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FIG. 2. (a) Electron yield for different excitation wavelengths as a function of incident intensity. Each curve is fitted by
Fowler-Nordheim equation (solid line) to extract the intensity enhancement factor. (b) Fowler-Nordheim fit to the electron
yield at 5 um wavelength (solid line). For comparison, a corresponding multiphoton dependence (dashed line, slope 20) is
shown. Inset: Electron kinetic energy spectra for selected intensities.

by the substrate. To reduce the influence of an energy-dependent detection yield, we applied a
static bias voltage of 10 V to the surface. The inset in Fig. 2(b) shows kinetic energy spectra of
photoelectrons for several incident intensities at 5 wm excitation (static bias potential subtracted).
The kinetic energy cutoff (when defined to include 99% of the electron population) is found to
linearly increase with intensity, consistent with a ponderomotive scaling.*!

The measured far-field extinction spectrum of the nanorod array, shown in Fig. 3(a), exhibits
a resonance at a wavelength of 5 um. Figure 3(b) displays the photoelectron yield for a range of
excitation wavelengths at a constant incident intensity of 1.1 GW/cm? (triangles). The photoelec-
tron yield also sharply peaks around 5 um, confirming that the nonlinear photoemission process is
governed by the resonantly enhanced near-field. The intensity enhancement factor obtained from
the FN fits to the electron yield curves (Fig. 2(a)) is plotted as circles in Fig. 3(b), and we find
a maximum intensity (field) enhancement value of 1290 (36). The photoelectron yield exhibits a
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FIG. 3. (a) Measured far-field extinction spectrum. (b) Triangles: Experimental photoemission yield as a function of excita-
tion wavelength and for constant incident intensity. Circles: Intensity enhancement factors extracted from the corresponding
yield curves. (c) Simulated far-field extinction spectrum for L = 1 um nanorods. Inset: Normalized electric field component
parallel to the nanorod. Wavelength: 5 um. (d) Simulated local intensity enhancement factor (dashed-dotted line) and electron
yield (solid line) as a function of the excitation wavelength. Dashed vertical lines indicate red-shift of spectral near-field
enhancement relative to far-field extinction spectrum in both experiment (a,b) and simulation (c,d).
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much sharper resonance profile than the underlying optical near-field due to the high nonlinearity of
the emission process. In the determination of the intensity enhancement from the nonlinear photo-
emission yield, some uncertainties arise: A finite uncertainty in the incident peak intensity may lead
to an error up to 13% in the intensity enhancement, and local variations in the work function may
also influence the values determined For example, using the 5.47 eV work function of the low index
plane of gold-(100) in fitting the yield curves results in an intensity enhancement value of ~1580.

To support our experimental results, we performed numerical simulations of the electromag-
netic field distribution with the 3D-FDTD method.?” The nanorods are modeled with the experi-
mental dimensions (length: 1 um, height: 50 nm, width: 150 nm) using a rectangular cross-section
and two half-cylinders at both ends (see inset of Fig. 3(c)). The simulated far-field extinction
(Fig. 3(c)) is in good agreement with the experiments, exhibiting an asymmetric resonance around
5 um with a linewidth of 21 THz. The inset in Fig. 3(c) shows the spatial distribution of the
electric-field component parallel to the nanorod axis (5 um excitation). The wavelength-dependent
intensity enhancement at the position of the largest electric field is shown as a dashed-dotted line
in Fig. 3(d), and the maximum value of approximately 1400 agrees well with the experiment.
Using the FN equation, the solid line represents the expected photoelectron yield, which reduces the
width of the line profile to 5 THz (experimental width: ~6 THz). In both the experiment and the
simulations, the near-field enhancement is highest at a slightly red-shifted wavelength (experiment:
0.2 wm, simulation: 0.3 um) compared to the far-field extinction spectrum (see vertical dashed
lines in Figs. 3(a), 3(b) and 3(c), 3(d)). Such spectral shifts between near- and far-field spectra are
universal to damped harmonic oscillators*? and were previously observed in scanning near-field
optical microscopy.** In this respect, the nonlinear photoemission process exhibits some advantages
in being an intrinsically noninvasive local probe.

In conclusion, we demonstrate resonance-enhanced strong-field photoelectron emission from
gold nanorods driven by femtosecond MIR pulses. Intensity-dependent measurements allow for a
quantitative determination of the local field enhancement and its spectrum, and excellent agreement
with numerical simulations is found. The results demonstrate the suitability of nonlinear photo-
emission in precise near-field characterizations, and may be generalized to other structures and
geometries, including coupled nanostructures and high-density arrays.
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