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Abstract: If a metal nanotip is irradiated with the light of a wavelength much larger than the
nanotip’s radius of curvature, optical near-fields become excited. These fields are responsible for
distinct strong-field electron dynamics, due to both the field enhancement and spatial localization.
By classical trajectory, Monte Carlo (CTMC) simulation, and the integration of the time-dependent
Schrodinger equation (TDSE), we find that the photoelectron spectra for nanotip strong-field
photoemission, irradiated by mid-infrared laser pulses, present distinctive wavelength-dependent
features, especially in the mid- to high-electron energy regions, which are different from the well
known ones. By extracting the electron trajectories from the CTMC simulation, we investigate these
particular wavelength-dependent features. Our theoretical results contribute to understanding the
photoemission and electron dynamics at nanostructures, and pave new pathways for designing
high-energy nanometer-sized ultrafast electron sources.
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1. Introduction

Strong-field physics refers to an extreme light-matter interaction [1,2], which takes place when
the force exerted by a light electric field is comparable to the binding force acting on electrons.
Usually, in order to access the strong-field regime, high-intensity lasers are required. The original
scope of strong-field physics is focused on gas-phase atomic and molecular systems, where the
most notable phenomena, such as high-order harmonic generation (HHG) [2—4], above-threshold
ionization (ATI) [5-7] and non-sequential double ionization (NDSI) [8,9], have been extensively
investigated, both theoretically and experimentally. In recent years, the field of strong-field physics
has been expanded into the realm of surfaces [10,11] and nanostructures [12-18]. In particular,
sharp nanometer-size metallic tips configure the fundamental blocks for investigating various
strong-field phenomena at a much lower laser intensity [19-21].

At the end of the 19th century, several scientific researchers demonstrated that electrons can
be emitted from a pointy wire if a static voltage is applied to it [22]. Under the lightning rod
effect, the moderate applied voltage translates into an enhanced electric field right at the tip’s apex.
Similarly, if a metal nanotip is irradiated with the light of a wavelength much larger than the nanotip’s
radius of curvature, optical near-fields are excited [23-27]. In nature, the so-called near fields are
strongly enhanced in the vicinity of a tip and, moreover, they are strongly localized near its apex.
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Involving nanotips is novel for several reasons. First, a field enhancement takes place because of its
sharpness, which greatly reduces the laser intensities needed to reach the strong-field regime. Second,
because of the localized nature of the field enhancement, the photoelectrons will feel strong gradients
of the acceleration field, resulting in a particular electron dynamics. Finally, due to the asymmetry
of photoemission at the nanotip and the localization of the near-field, a half-cycle photoelectron
cutoff [28-31] appears as a distinctive feature.

From the above, the near-field excited at nanotips is responsible for strong-field
photoemission [12,14,32] and electron dynamics [13,33,34]. On the other hand, these phenomena
substantially differ from those in atomic and molecular systems. Specifically, both the final kinetic
energy of photoelectrons and the energy spectra will be affected, resulting in noticeable differences
with the atomic and molecular systems. For interactions between atomic or molecular systems and
lasers, it is well known that a plateau in the photoelectron spectra arises, i.e., over a rather broad energy
range, the electron count rate stays roughly constant (up to a maximal energy of 10U, [35], where U},
is the ponderomotive energy). According to the three-step model [2], this plateau originates from the
electrons that return to the parent ion and are elastically scattered [35,36]. However, for photoelectrons
emitted from nanotips induced by mid-infrared laser pulses [18], such a plateau regime no longer
exists. Thus, it is worthwhile to explore the underlying physics of this peculiar case.

In the present work, by numerical simulations, we investigate the interaction between a nanotip
and the plasmonic-enhanced spatially inhomogeneous near-field at wavelengths ranging from 800 nm
to 3200 nm. Under both focal and carrier envelope phase (CEP) averaging, the photoelectron spectra
show consistent features as those presented in the seminal paper [18]. Compared with a series of
simulation results at different wavelengths, we find distinctive wavelength-dependent features in the
photoelectron spectra, especially in the mid- to high-electron energy region, which are different from
the well known rescattered plateau. By extracting the electron trajectories from classical trajectory
Monte Carlo (CTMC) simulations, we investigate this singular regime of the photoelectron spectra.

The numerical tools in the present paper include a numerical solution of the time-dependent
Schrodinger equation (TDSE) and a classical trajectory Monte Carlo (CTMC) simulation, both of which
consider a spatially inhomogeneous near-field. Compared to the previous TDSE and CTMC methods
for nanotip photoemission [21], necessary modifications in these two numerical methods have been
made, in order to consider the spatial inhomogeneous nature of the nanotip near-field.

The rest of the paper is organized as follows. In Section 2, we present our two theoretical methods,
namely the TDSE and the CTMC, to simulate the interaction between a strong laser pulse and a
nanotip. In Section 3.1, we present the distinctive wavelength-dependent features of the photoelectron
spectra simulated by both the TDSE and the CTMC. In Section 3.2, we investigate this singular regime
by extracting the electron trajectories from the CTMC simulation. A short conclusion is drawn in
Section 4 Atomic units are employed throughout the paper, unless otherwise stated.

2. Theoretical Methods

Optical near-fields are strongly enhanced in the vicinity of a metal tip and decay rapidly as the
distance from its surface increases. Although the near-field is delayed in time with respect to the
incident field [34], for nanotips with a curvature radius rp, much smaller than the incident wavelength
A, the quasi-static approximation provides a simple approach to estimate the resulting enhanced
near-field [37]. A simplified expression is adopted for the temporal and spatial variation of the
near-field E(z,t). As shown in Figure 1a, for z > 0,

E(Z, t) = Einc(t)
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where z is the distance from the surface, wy,. the laser beam waist and « the field enhancement factor.
Usually, in a typical experiment wgo. > 2, 50 z/Wgo ~ 0is adopted in our simulation. Finally, Einc(f) is
the temporal shape of the incident field,

t
Einc(t) = EO Sil"l2 (6207(1]

c

) cos(wot + ¢), )

where Ej is the peak strength of the incident laser electric field, wy the carrier frequency, n, the number
of cycles and ¢ the CEP.

Inside the nanotip (z < 0), the field is approximately zero. Furthermore, the peak strength and
the 1/e decay length of the localized near-field are EX° = aEy and Ig ~ 0.4r(, respectively.
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Figure 1. (color online) (a) Contour plot of the near-field E(z, t) as a function of the emission time and
the distance from the nanotip surface. Zero distance (z = 0) represents the nanotip surface, r is the
radius of nanotip, Ty = 271/ wy the optical period of the laser electric field and E the peak strength of
the incident laser electric field. (b) The spatial distribution of the near field at ¢t = 3Tj. (c) The time
profile of the near-field at the nanotip surface (z = 0) .

From Equation (1), one can find that the near-field is spatial-dependent at all times
(e.g., the Figure 1b for t = 3T)). Meanwhile, the near-field is time-dependent for every point in
space (e.g., the Figure 1c for z = 0). In the following, we present two theoretical methods for the
simulation of the interaction between a nanotip and a plasmonic-enhanced spatially inhomogeneous
near-field. The first method is of quantum mechanical nature based on the numerical solution of the
TDSE with a model potential and the second one is the CTMC approach. Both approaches are based on
the single active electron (SAE) approximation and, as a consequence, any space charge effect [38,39] is
neglected. For further simplification, the electron motion is restricted to the z-axis only, i.e., the laser
polarization direction.

2.1. Time-Dependent Schrodinger Equation Method

To describe the laser-nanotip interaction from a quantum mechanical point of view, one can
numerically integrate the following single electron TDSE,

Dz, 1) = Hy(z,£) = | 282 + Va(2) + Vi(z,1)| 9(z,1) ©)
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in which Vj(z,t) = — [ E(z,t) dz is the laser-electron interaction potential and V;(z) represents the
static model potential [20,40], as shown in Figure 2,

o, z < —2zp,
Vse=Q-W—Ep, —zp<z< m/ (4)
— é , otherwise,

in which —zg is the left starting point of the rigid wall, W and Er are the work function and the
Fermi energy of the material, respectively. The width of the potential well is chosen in such a way
that the ground state has a binding energy corresponding to the work function W of the material.
Thus, this ground state represents the electron initial state in the metal. The assumption of the rigid
wall on the left side may overestimate the rescattering process, however, it does not play an important
role in the laser-nanotip interaction, as will be seen later. Finally, the —1/4z term models the surface
image potential [41] for the ionized electron.
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Figure 2. (color online) Model potentials used for both the classical trajectory Monte Carlo (CTMC)
and the time-dependent Schrodinger equation (TDSE) simulations. The potential of the electron feels is
approximated by a narrow potential well (dashed black curve) with an infinitely high potential wall on
the left and a potential step on the right. For the TDSE simulations, the narrow potential contains the
ground state electron wavefunction (blue curve) at the Fermi level. Additionally, an image potential is
taken into account (see the text for details). The solid black curve represents the suppressed potential
when an additional static electric DC field is applied.

The ground state electron wavefunction is determined by an imaginary time propagation and the
evolution of the wavefunction in real time is accomplished with the Crank-Nicolson algorithm [42],

(14+1AtH/2)p(z,t + At) = (1 —iAtH/2)y(z, t), ®)

where the Hamiltonian H contains the second order spatial derivative (see Equation (3)). In our
numerical implementation, the second order spatial derivative is discretized by using the finite
difference scheme. The numerical spatial and time grids are spaced by At = 0.025a.u.and Az = 0.1a.u.,
respectively, and the box size is

2U
TveHy (6)
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where U, = E?/(4w}) is the ponderomotive energy and 7 the final propagation time. After numerical
discretization, the Equation (5) is converted to a system of tridiagonal linear equations which can be
solved using a parallel solver [43]. The above spatial and temporal grids spacing, as well as the box size,
are enough to assure convergence and the propagation of the electron wavefunction corresponding
to the maximal final electron energy. Meanwhile, to avoid numerical reflection at the box boundary,
a complex absorbing potential [43], with a cap height # = —2.0a.u., is added at the box boundary.
Finally, due to the very weak interaction of the ionized electron with the nanotip, one can retrieve
the photoelectron spectra by projecting the final electron wavefunction onto outgoing plane waves,
2

P(e) o |(ilyp(ty) )

@)

where (z) = elkz / Vk denotes a 1D plane wave with energy ¢ = k2/2.

2.2. Classical Trajectory Monte Carlo Method

Classical trajectory simulations can always provide an intuitive and deeper understanding than
the TDSE, since one can trace back each electron trajectory. The simple man’s model, also known as
the three-step model, used to explain several strong field atomic and molecular phenomena [2,44,45],
can be modified to simulate photoelectron dynamics at nanotips.

Our CTMC approach for modelling the laser-nanotip interaction includes three steps as well:
electrons tunnel through the barrier of the combined surface (see Figure 2) and laser potentials,
near the maxima of the electric field (step 1). The liberated electrons then propagate into free space
and undergo a ponderomotive acceleration. Depending on the phase of the near-field at the moment
of appearance at the tunneling exit and initial velocity, electrons will be either directly emitted (direct
electrons) or driven back towards the surface (step 2). A fraction of these direct electrons eventually
rescatters (rescattered electrons) at the nanotip surface and reach the detector after another acceleration
stage (step 3).

The tunneling process (step 1) is quantum mechanical, which renders the CTMC model
semi-classical. Since the present simulations involve low laser frequencies and strong fields, the widely
used Ammosov-Delone—Krainov (ADK) [46] tunneling formula for atomic and molecular systems
based on a 3D spherically symmetric potential is not applicable here. So, we use the Fowler-Nordheim
equation [47,48], derived within the adiabatic approximation, to describe the tunneling rate

_4\/iw3/2 )

3EQ0, 1] ®

w(t) < O (—E(0,1)) ] E(0,)[* exp (

where O is a Heaviside function, which assures that, unlike for atoms, electron emission takes place
only during laser half-cycles with negative electric field, and E(0, t) is the time-dependent localized
electric field at the tip surface. Within the tunneling process, the spatially inhomogeneous character of
the electric field is not considered.

In steps 2 and 3, the photoemitted electron is treated as a classical point-like particle that
propagates on a classical trajectory under the influence of the near-field. This trajectory is numerically
extracted by solving the Newton’s equation of motion,

5(1) = _dxgiz) —E(zb). )

In our simulations, Equation (9) is solved by a 4-th order Runge-Kutta solver, with the initial
conditions: z (t;) = —W/E(0,t;) and z (t;) = 0, where ¢; is the tunneling time for the electron
sample i. The time step for solving the Equation (9) is At = 0.1a.u., which is enough to assure the
numerical convergence of our 4-th order Runge-Kutta solver. A set of single-particle trajectories are,
then, available.
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To produce the energy-resolved photoelectron spectrum, all contributions to a given final energy
should be summed over. Namely, the probability P(¢) to detect an electron at energy ¢ is given by

P(e)heoc Y w(t), (10)
lef—e|<Ae/2

where the summation is over all electrons with final energy ¢, falling within an energy window Ag,
centered around the energy e.

3. Results and Discussion

In this paper, we consider a gold nanotip with a radius of curvature vy = 30 nm, work function
W = 5.4eV and Fermi energy Er = 5.2eV. Additionally, we use a linearly polarized, in the z-axis,
sin?-shaped laser pulse with . = 6 at wavelengths spanning the range between 800 nm to 3200 nm.
Although the field enhancement is generally wavelength-dependent, the mid-infrared pulses used
in the present work are away from the resonant wavelength region. According to the permittivity
data of gold [49], one can estimate that the field enhancement is approximately constant over the
wavelength region of our interest. To be closer to the experimental situation [18], we use « ~ 5.5 in
our simulations. The peak intensity of the incident laser is set to be Iy = 5 x 10'> W/cm?. Meanwhile,
the enhanced localized laser field has a maximum of I}9¢ = 1.5 x 10'* W/cm?. The ponderomotive
energy is defined by the enhanced intensity following U, = 1o/ 4w}. The Keldysh parameter [1],
v = \/W/2U,, is then in a range from 0.1 to 0.5, which means that we are well into the deep tunneling
regime. In this way, the validity of the CTMC approach is guaranteed.

3.1. The Wavelength-Dependent Photoelectron Spectra

Firstly, we study the main features of photoelectron spectra in the near-field of the nanotip.
In Figure 3, we present a set of energy-resolved photoelectron spectra, simulated by both the
CTMC and TDSE approaches, at laser wavelengths ranging from 800nm to 3200nm. In actual
experimental situations [13,18], the nanotip apex is overlapped with the laser focal spot. Therefore,
a focal volumetric averaging, based on a space-dependent volume scaling [50,51], is included in our
simulations. As shown in Figure 3, both the CTMC and TDSE methods generate approximately
identical photoelectron spectral structures. Slight differences at low electron energies can be seen
between the two models. Nevertheless, as we are interested in the mid- to high-electron energy
region, this contrast does not affect our conclusions. Having said this, we note that there is a not
so good agreement between the result of the TDSE and the one of CTMC at 3200 nm wavelength.
This disagreement is related to the ground state depletion. As shown in Figure 2, for the TDSE
simulation we use a narrow well containing only a single ground state at the Fermi energy and this is a
crude approximation. In clear contrast to realistic metals, where electrons are delocalized, we consider
a strongly localized state here. In this way, the ground state in our model has the characteristics of a
surface state and its depletion starts to play a significant role for long wavelengths. The structures
observed in the spectra for all the cases are, however, similar to the experimental ones presented in
Ref. [18]. Prospectively, our TDSE method may be considered as a theoretical complement to that
related experimental work.

Qualitatively, in Figure 3, it is easy to find out that the shapes of the photoelectron spectra
from nanotip photoemission vary with the laser wavelength. Furthermore, it seems that one can
obtain relatively high-energy and high-yield electrons for long wavelengths. On the contrary,
as we all know, the photoelectron spectra shape from gas-phase atomic and molecular systems is
wavelength-independent. For gas-phase atomic and molecular targets, according to the three-step
model [2], and over a rather broad energy range, the electron count rate stays roughly constant (up to
a maximal energy of 10U,, where U, is the ponderomotive energy).
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Figure 3. (color online) Simulated energy-resolved photoelectron spectra in the near-field of a
nanotip for different wavelengths, keeping the other laser parameters fixed (see text for more details).
The spectra from the same wavelength are scaled along the y-axis to match the mid energy region with
each other. All the spectra are averaged, both over different CEPs and the focal spot. The numbers 1-4
correspond to the wavelengths A = 800 nm, 1600 nm, 2400 nm and 3200 nm, respectively. Solid lines:
CTMC simulations, dashed lines: TDSE results.

Considering the spatial inhomogeneity character of the optical near-field excited at nanotip,
in Figure 4, we show the normalized energy-resolved photoelectron spectra for the near-field and
the homogeneous field cases, among various wavelengths using the CTMC method. The spatially
homogeneous field refers to the case which only contains the field enhancement but not field spatial
decay, namely,

Ej(z,t) = aEp(t). (11)

At the same time, for convenience, the electron energy is set in terms of the corresponding U,
in Figure 4. From this figure, we find out that, for the near-field case, the conventional rescattered
plateau (ranging from 2U, to 10U,) disappears and the photoelectron yield seems to accumulate
at a low energy region (about from 0 to 2Uy). On the other hand, for the homogeneous field case,
the photoelectron spectra shape remains unchanged.
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Figure 4. (color online) Normalized energy-resolved photoelectron spectra comparison between the
near-field (dot curve) and the homogeneous field (solid curve) cases, for various wavelengths using
the CTMC method. For convenience, the electron energy is set in terms of U,. The homogeneous
field refers to the one that only contains the field enhancement, but not the field decay. All the spectra
are averaged over different CEPs and the focal spot. (a) simulated spectra for a laser wavelength
A =800nm, (b) A = 1600nm, (c) A = 2400nm and (d) A = 3200 nm. The rest of the laser parameters
are the same as those in Figure 3.
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3.2. Regimes of Photoelectron Spectra from Nanotip Photoemission

The distinctive wavelength-dependent features of the photoelectron spectra presented above
may give a way to generate high-energy electrons and further to design high-energy nanometer-sized
ultrafast electron sources using nanotips. So, it is crucial and necessary to explore these particular
wavelength-dependent features.

As proposed in [21], the excited optical near-field at nanotip contains two main properties,
namely (i) the field enhancement and (ii) the field decay. The field enhancement opens up the atomic
and molecular strong-field area to solid-state systems and its physical meaning is obvious. On the
other hand, the field decay plays a key role in the photoelectron dynamics. In the seminal paper
(see e.g., [18]), the authors introduce a spatial adiabaticity parameter J to characterize the nanotip
photoemission, namely,

5= lp o lpw(z]

=L = , 12
= T (12)
where I, = /I[/w} is the quiver amplitude and I the decay length. For 6 > 1, the electron

experiences an approximately constant laser field during one laser cycle. On the contrary, for § < 1,
the electron feels a strong acceleration field gradient. According to this parameter, a large wavelength
means that the photoelectron dynamics are dominated by the spatial changes of the near-field.
From this point, extracting the classical electron trajectories from CTMC may help us to understand the
distinctive wavelength-dependent features of the photoelectron spectra shown in the previous section.

In order to perform a detailed study, taking advantage of the CTMC method, we extract
the classical electron trajectories. As shown in Figure 5 (for the 1600nm case), for nanotip
photoemission, the conventional quiver-motion is suppressed and photoelectrons experience a
suppressed quiver-motion or sub-cycle acceleration (see the black lines in Figure 5). To some extent,
we may name the suppressed quiver-motion as near-field quiver-motion.
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Figure 5. (color online) Extracted classical electron trajectories from nanotip photoemission (black lines).
The red solid curve is the time profile of laser electric field. The laser parameters are the same as those
of 1600 nm in Figure 3.

In Figure 6, we present the dependence of the photoelectron final energy on the emission
phase (tunneling time), at different wavelengths, namely, Figure 6a 800nm, Figure 6b 1600 nm,
Figure 6¢ 2400nm and Figure 6d 3200 nm, keeping the rest of laser parameters as those in Figure 3.
Finally, Figure 6e shows the laser electric field as a function of the emission phase. Considering the
tunneling probability is a strong non-linear function of the laser electric field, Figure 6 only shows the
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results from the cycle which contains the laser peak intensity. At the same time, to intuitively analyse
the results among the different wavelengths, the sizes of Figure 6a—d are the same and the limit of the
four vertical axes are the cut off energy, i.e., they correspond to the maximum final electron energy.
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Figure 6. (color online) Dependence of the photoelectron final energy on the emission phase (tunneling
time) for different laser wavelengths. (a) extracted final electron energies at a laser wavelength
A = 800nm, (b) A = 1600nm, (c) A = 2400nm and (d) A = 3200 nm. The rest of the laser parameters
are the same as those used in Figure 3. Considering that the tunneling probability is strongly dependent
of the laser electric field, only the results from the cycle which contain the laser peak intensity are
shown. The figure sizes of (a—d) are the same and the limit of the four vertical axes corresponds
to the maximum final energy. In (e), we plot the normalized laser electric field as a function of the
emission phase.

The hollow right-pointing triangles in Figure 6 represent the points that divide between direct
electrons (on the left) and rescattered electrons (on the right). These points can be directly obtained
from our CTMC results. From Figure 6a—-d, we can find out that these special points gradually move
upwards and to the right, as the wavelength increases. This phenomenon indicates that direct electrons
are promoted and the rescattered electrons are suppressed, as the wavelength increases. Meanwhile,
the hollow up-pointing triangles in Figure 6a—d, which represent the maximal final energy of direct
electrons, gradually move upwards as the wavelength grows. In this way, we may conclude that the
direct electrons’ contribution to the energy-resolved photoelectron spectra starts to dominate as the
wavelength increases.

In the next section, we come to an interesting point in the present paper. As mentioned above,
the spatial inhomogeneity of the near-field excited at the nanotip leads to the near-field quiver-motion
(see the black lines in Figure 5). The Figure 6 can also indirectly reflect this near-field quiver-motion.
Additionally, the dashed lines in Figure 6a—d outline the final energy variation over the emission
phase. From these dashed lines, one can see that, normalized to the cutoff, the amplitude of the final
energy variation over the emission phase actually gets smaller as the wavelength increases. Meanwhile,
as shown by the solid triangles in Figure 6, the converged energy of this variation gradually moves
upwards. In this way, the near-field quiver-motion leads to a high-energy tail. According to the
CEP-dependent energy-resolved photoelectron spectra from both CTMC and TDSE, as shown in
Figure 7, this high-energy tail of the photoelectron spectra has also a relatively high-yield.

To sum up, by extracting the classical electron trajectories from the CTMC approach,
we elucidate the different nanotip photoemission regimes and give an explanation of the distinctive
wavelength-dependent features of the photoelectron spectra. We find that both the promoted direct
electrons and the near-field quiver-motion electrons are responsible of these particular characteristics.
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CEP (7)

150 200 250 300 350 150 200 250 300 350
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Figure 7. (color online) CEP-dependent energy-resolved photoelectron spectra (log scale) at a laser
wavelength of 3200 nm, keeping the other laser parameters the same as those in Figure 3. (a) results
using the CTMC method, (b) the same as (a), but using the TDSE approach. In this figure, only the
region of high electron energies is shown.

4. Conclusions

In conclusion, by numerical simulations, we study the interaction between a nanotip and the
plasmonic-enhanced spatially inhomogeneous near-field, with wavelengths ranging from 800 nm
to 3200nm. Comparing a series of simulation results at different wavelengths, we find distinctive
wavelength-dependent features in the photoelectron spectra, particularly in the mid to high electron
energy region. These characteristics are different, particularly from the well known rescattered atomic
and molecular plateau. We explore this particular regime by extracting the electron trajectories from
the CTMC approach. Both the enhanced probability of direct electron emission and the near-field
quiver-motion lead to these distinctive wavelength-dependent features.

The results obtained from both the classical trajectory Monte Carlo (CTMC) simulation and the
numerical integration of the time-dependent Schrodinger equation (TDSE) schemes, agree very well
with each other. They represent powerful tools for studying the laser-nanotip interaction. CTMC can
provide some deep understanding over the TDSE results, since one can trace back each single electron
trajectory. Our theoretical results and analysis contribute to the understanding of the underlying
physics of the nanostructure-electron photoemission and pave new pathways for designing high-energy
nanometer-sized ultrafast electron sources.

However, there is a long way to go to further confirm our theoretical predictions. Firstly, in real
experimental circumstances, one has to consider the excessive heat deposition and thermal damage.
As we know, nanotips may be broken after only an experiment. Secondly, the simulations described
in this paper consider only the photoelectron emission from the tip apex in the forward direction.
Even when most of the electrons would be generated in such a position for linearly polarized fields,
we ignore the actual nanotip geometry and surface structure. Consequently, the spatial emission
pattern is not considered. Thirdly, we have neglected the thermal field emission as well as the coupling
between the thermal and optical fields.
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