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Abstract. We developed a new computer simulation code that calculates trajectories of photoelectrons
emitted from nanoparticles by laser excitation. The code uses the pre-calculated electric field obtained
by finite-difference time-domain simulations as input. The photoelectron trajectories emitted from silver
nanoparticles were calculated using the classical trajectory Monte Carlo method, where the image force
towards the surface is taken into account. We show that our present code is suitable to describe the recent
experimental findings reasonably well. Significant effect of the image acceleration to the calculated electron
spectra was observed. We found that the calculated energy distributions of photoelectrons are in agreement

with the recent experiments.

1 Introduction

The photoelectric effect was first explained by Einstein [1]
more than a hundred years ago. A number of devices use
this effect, for example photocells, photodiodes and solar
cells. Recently it has become an indispensable part of our
everyday life. Attosecond physics is a new and rapidly
developing field driven by recent advances in laser tech-
nology. Attosecond science holds the promise to observe
and to control the optical-field driven electronics working
at clock speeds six orders of magnitude faster than current
conventional electronics. Combining this extremely small
time scale with nano-dimensional materials gives us fairly
new techniques for new discoveries.

One of the results of this recognition is that electron
emission from nanoparticles induced by laser excita-
tion have been raising great interest recently [2,3].
When the incident electric field (light) interacts with
a metal nanoparticle, it can generate collective oscilla-
tion of the conduction electrons. This collective oscilla-
tion is known as localized surface plasmon. Based on this
new investigation a new research field for exploiting of
the resonant interaction is established and it is called
plasmonics. Besides focusing on challenging fundamental
and basic science both in experimental and theoretical
aspects, plasmonics promises many technical applications.
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To name just a few, we can mention plasmonic biosensors
[4,5], optoelectronics [6,7], photovoltaics [8] and construc-
tion of ultrafast nanoemitters [9-13].

Along this line, we developed a computer simulation
code based on the classical dynamics to mimic the elec-
tron emission from a periodic nanostructure. First, the
time dependent electric field was calculated. Kretschmann
configuration [14] was considered for plasmonic field gen-
eration. For calculating the electric field in the vicinity
of the surface, we used the finite-difference time-domain
(FDTD) simulations [15]. The trajectories of the sponta-
neously emitted electrons were then followed in the calcu-
lated time dependent electromagnetic field. The electron
trajectories were calculated both with and without the
image force between the emitted electron and its mirror
charge. Atomic units are used throughout the paper unless
otherwise indicated.

In this work we show that our present code is suit-
able to describe the recent experimental findings with
reasonably well. The calculated energy distributions of
photoelectrons are compared with the experimentally
measured distributions.

2 Plasmonic field

The plasmonic field was generated in Kretschmann con-
figuration [14]. The modelled setup consisted of bulk fused
silica covered by a 48 nm, atomically flat silver film with a
single semi-ellipsoidal protrusion with axes of 2nm, 15 nm,
15nm. The incident laser pulse was an 800 nm, 5fs plane
wave. The electric field of our laser pulse is described
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by a simple plane wave modulated with a Gaussian
envelop as:

E (t) = sin{—2nf (t —to) }exp {—(t — t0)*/7*}

where f = 374.74 THz, ty = 100fs and 7 = 4.55fs.

The angle of incidence was 44.6°. Recently the FDTD
simulation technique is widely used for describing the
have been used to describe the near and the far-field
optical responses of disordered metal-dielectric composites
[16-19]. The FDTD method or Yee algorithm [20,21] is a
well-known technique based on space and time discretiza-
tion of the Maxwell curl equations. The dimensions of the
2D simulation space were 20 nm by 60 nm, with 0.5 nm
spatial resolution, and the considered time window was 50
fs with 30.5 as time resolution.

Figure 1 shows the calculated electric field components
in the vicinity of a semi-ellipsoid protrusion of an Ag sur-
face layer at different instants.

(1)

3 Trajectory simulation

The time dependent electric field (see Fig. 1) generated by
FDTD simulations was the input data for our trajectory
calculations. Each line of the input file contains, the time
(t [fs]) the spatial coordinates (x; y [nm]) and the electric
field components in V/m. As the input data file is a result
of a sampling process, we have K discrete time slices, and
a discrete electric field (spatial grid) is assigned to each
time slice. This means we need to interpolate between the
spatial coordinates, and time is also interpolated. A typ-
ical input file is 503 MB and contains 6 million lines of
data. The electric fields are ordered by time, and the sam-
pling points form an equidistant grid. This means that the
lines are ordered by time, then by x and by y. Complexity
of loading the data is proportional to O(n),linear. Com-
plexity of accessing the data is proportional to O(log(n)).
The simulations were performed in atomic units.

During the simulation we need to interpolate between
the time slices. As a result, we generate an interpolated
electric field to the given time point, then we locate the
neighbourhood of the electron and calculate the corre-
sponding electric field. The schematic diagram of the
applied method can be seen in Figure 2. The classical
equations of motion were solved numerically by applying
the standard Runge-Kutta method. During the simulation
we took into account the image force (F;) perpendicular
to the surface according to the form:

F; =%/ (4d°), (2)

where d is the distance between the charge ¢ and the sur-
face. In our code it is straightforward to switch the clas-
sical image force on and off. We performed simulations in
both modes.

4 Results and discussion

We performed a large number of classical trajectory simu-
lations based on our new code for the study of the photo-
electron emission from the semi-ellipsoid protrusion of an
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Ag surface layer after laser irradiation. For each simulation
we follow 20 million trajectory histories. The initial posi-
tions of emitted photoelectrons are selected randomly on
the semi-ellipsoid protrusion surface of Ag. The escaping
energy was close to zero. The initial angle of the electrons
is taken randomly from the uniform distribution. First,
we analyzed the individual trajectories in the vicinity of
the silver nano-hill. The typical electron trajectories are
shown in Figures 3 and 4. When the image force is not
taken into account, most of the electron trajectories move
away from the surface in the time dependent electric field
(see Fig. 3).

Taken into account the image acceleration toward the
Ag surface, however, we can identify a large number of tra-
jectories returning to the surface (traj4 in Fig. 4). The tra-
jectory type 4 is a typical path when the electron returns
to the surface. These electrons can either penetrate into
the Ag material doing again random walk in the vicin-
ity of the surface and in the bulk, or can be elastically
backscattered directly. If the electrons penetrate into the
surface we may lose them because they may not be able
to escape again from the surface.

Figure 5 shows the energy distribution of photoelectrons
ejected from the silver nano-protrusion after laser irradi-
ation at 230 GW/cm? focused beam intensity. Figure 5a
shows the experimental data taken from [22]. They found
a double peak structure energy distribution. Our recent
simulation results are shown in Figure 5b where the image
acceleration is not taken into account, and in Figure 5¢
where the classical image force toward the Ag surface
was taken into account. We found significant differences
between the two distributions. Without image force, the
obtained electron energies are smaller than with it. In
Figure 5b, the energy distribution is concentrated close
to the 0 energy and the maximum energy of the photo-
electrons is around 19eV.

In contrast, when the image acceleration is taken into
account we found much wider energy distributions with
higher energies for the photoelectrons. The experimentally
obtained double peak structure is also obtained.

Figure 6 shows the comparison between the experi-
mentally measured energy distributions of photoelectrons
ejected from a nanostructured silver surface after laser
irradiation at 230 GW/cm? focused beam intensity and
the result of our Monte Carlo simulation. We normal-
ized these two peaks in such a way that their asymptotic
behaviour is the same at higher energies. Our theoretical
curve is in agreement with the experimental observations.
We mimic the double peak structure of the energy distri-
bution. The agreement even in absolute scale is also rea-
sonable. We note that the Monte Carlo simulation gives
higher intensities for the case of the first peak

We analyzed further the electron trajectories searching
for the possible reason of the double peak structure. As we
stated before, trajectories when the electrons return to the
surface are obtained frequently when image acceleration
is taken into account in the simulation (traj4 in Fig. 4).
Figure 7 shows the electron trajectory first return back to
the surface and later elastically backscattered again from
the surface. In this case the electron can travel two times
in the time dependent electric field and may gain more
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Fig. 1. The E, (a, ¢, e) and Ey (b, d, f) components of the electric field E in vacuum, in the vicinity of a semi-ellipsoid
protrusion of an Ag surface layer, illuminated by an oblique incident, plane fs pulse through a transparent prism, in Kretschmann
configuration. (a) E, at t = 90fs, (b) E, at t = 90fs, (¢) E, at ¢t = 110fs, (d) Ey, at t = 110fs, (e) E, at t = 130fs, (f) E, at

t=130fs.
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Fig. 2. Schematic diagram of the calculation procedure.
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Fig. 3. Typical electron trajectories calculated without the

image acceleration toward the surface in the vicinity of the
silver semi-ellipsoid after laser irradiation.

energy compared to the case when it travels only once
(traj3 in Fig. 4).

For the clear identification, we plan further experimen-
tal and theoretical work, which is in progress.

5 Conclusion

A new computer simulation code was developed, which
calculates the trajectories of photoelectrons emitted from
laser-excited nanometer scale semi-ellipsoid surface pro-
trusion. The code uses as input the pre-calculated electric
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Fig. 4. Typical electron trajectories calculated with the image
acceleration taken into account in the vicinity of the silver
semi-ellipsoid after laser irradiation.

field obtained by the finite-difference time-domain simu-
lations. We have shown that our present code is suitable
to describe recent experimental findings reasonably well.
We found that the image acceleration toward the surface
plays a dominant role in shaping the electron trajectories.
We found that the calculated energy distributions of pho-
toelectrons are in agreement with the recent experiments.
The experimentally obtained double peak structure was
identified in our calculated spectra. Electrons returning
to the surface and scattered on it again may gain higher
final energies, and they contribute to the second peak at
around 21.5eV. On the other hand, electrons following
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Fig. 5. Energy distribution of photoelectrons ejected from
silver nanoparticles after laser irradiation at 230 GW/cm?
focused beam intensity. (a) Experimental data taken from
[22]. (b) Simulation without the image acceleration toward the
surface. (c¢) Simulation with image acceleration toward the
surface taken into account.

a pathway without returning to the surface mostly will
increase the peak at a lower energy. Further tests are in
progress for justifying this explanation of the double-peak
structure of the electron energy spectra.
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trons ejected from silver nanoparticles after laser irradiation
at 230 GW /cm? focused beam intensity. Result of Monte Carlo
simulation (thin solid line, red in color), the experimental data
from reference [22] (thick solid line, blue in color).
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Fig. 7. Typical backscattered electron trajectory in the vicin-
ity of the silver nano-ellipsoid after laser irradiation with image
force taken into account.
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