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Abstract. A theoretical study of the application of attosecond streaking
spectroscopy to time-resolved studies of the plasmonic fields surrounding
isolated, resonantly excited spherical nanoparticles is presented. A classification
of the different regimes in attosecond streaking is proposed and identified in
our results that are derived from Mie calculations of plasmon fields, coupled
to classical electron trajectory simulations. It is shown that in an attosecond
streaking experiment, the electrons are almost exclusively sensitive to the
component of the field parallel to the direction in which they are detected.
This allows one to probe the different components of the field individually by
resolving the angle of emission of the electrons. Finally, simulations based on
fields calculated by finite-difference time-domain (FDTD) are compared with
the results obtained using Mie fields. The two are found to be in good agreement
with each other, supporting the notion that FDTD methods can be used to reliably
investigate non-spherical structures.

3 Author to whom any correspondence should be addressed.

New Journal of Physics 14 (2012) 093034
1367-2630/12/093034+19$33.00 © IOP Publishing Ltd and Deutsche Physikalische Gesellschaft


mailto:Marc.Vrakking@mbi-berlin.de
http://www.njp.org/

2 I0P Institute of Physics () DEUTSCHE PHYSIKALISCHE GESELLSCHAFT

Contents
1. Introduction 2
2. Three regimes of attosecond streaking 3
3. Electron streaking by a plasmonic field 7
3.1. Streaking in a plasmon field from Mie calculation . . . . . . .. ... ... .. 8
3.2. Streaking in a plasmon field from a finite-difference time-domain simulation . . 13
4. Application to experiments 16
5. Conclusions and outlook 17
Acknowledgments 18
References 18

1. Introduction

On the surface of a metal, evanescent waves can exist as a result of the interaction between
electromagnetic fields and collective oscillations of the conduction electrons in the metal. These
excitations are commonly referred to as surface plasmons and exist in a variety of forms. The
electromagnetic fields follow from the solution of Maxwell’s equations at the interface between
a metal (¢ < 0) and a dielectric (¢ > 0). For a planar geometry, the solution leads to a traveling
wave [1] with a corresponding dispersion curve that signifies the shorter wavelength of the
surface plasmon compared to a free photon at a given frequency. The solution of Maxwell’s
equation for a spherical structure was first found by Mie [2]. The resulting theory has been
highly successful in explaining the optical properties of metal and dielectric nanoparticles such
as their scattering and absorption cross sections. The confinement of the surface plasmon wave
on the sphere results in a resonance in the optical response of metal nanoparticles. The position
of the resonance, largely determined by the permittivities of the metal and the surrounding
medium, lies in the visible spectrum for metals such as silver and gold.

In recent years, interest in surface plasmons has grown, largely as a result of the increased
control that is available in the fabrication of nano-structures. The increased control opens up
possibilities to design components such as waveguides, mirrors and beamsplitters to manipulate
surface plasmons on a chip on a scale much smaller than is possible for optical circuits [3].
Another important aspect of surface plasmons is the concentration of the electromagnetic
wave, which leads to a higher field compared to a free-space electromagnetic wave. This
field intensity enhancement, which can be up to a factor of 1000, is used in a variety of
sensing applications of which surface-enhanced Raman spectroscopy (SERS) is the best-known
example [4]. Nowadays, SERS is even possible at the single molecule level [5].

Resolving in space and time the underlying electron dynamics of plasmons would be the
ultimate test for existing theoretical models and would therefore greatly help in understanding
the physics. In particular, non-local effects, which cause deviations from the generic frequency-
dependent dielectric function, are challenging current theoretical models [6—8]. However, in
current experiments the electron dynamics are most of the time only indirectly observed. Time-
resolved experiments are challenging because the fast timescales that are involved are at the limit
of conventional laser pulses. Over the last decade, techniques based on autocorrelation [9-11],
frequency-resolved optical gating (FROG) [12, 13] and spectral hole burning [14] have been
developed to perform time-resolved measurements, each of them with its own advantages.
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At the same time, a technique called attosecond streaking spectroscopy has been developed
in attosecond science. In this technique, the dependence of the kinetic energy of electrons that
are photoionized from an atom or molecule in the presence of a moderately strong (typical near-
infrared (IR)) laser field is measured. With attosecond streaking spectroscopy, it is possible to
perform a complete characterization of a light wave [15]. In earlier theoretical work, it has
been realized that attosecond streaking could potentially also form the basis of a temporal
characterization of a plasmonic field [16, 17]. An important advantage in the proposal of [16] is
that in addition to the temporal resolution it is also possible to spatially resolve the fields with
nanometer resolution by means of a photoemission electron microscope (PEEM). Moreover,
the potential ability to resolve the absolute phase of the electric field, something that is not
possible for any of the other methods, is an additional argument to develop attosecond streaking
for plasmonic fields. In this paper, we present a theoretical investigation where we analyze
the ability of attosecond streaking spectroscopy for determining the plasmonic fields that are
created when small silver nano-spheres are resonantly excited using a moderately intense
ultraviolet laser pulse. We show that measurements of photoelectrons that are ejected from the
nanoparticle by an attosecond pulse are able to provide detailed information on the nature of
the plasmon excitation and dephasing. In particular, we show that it is possible to probe the
different components of the plasmon field individually by resolving the angle of emission of
the electrons. We note that three theoretical studies have recently been published in which
attosecond streaking is investigated as a tool to characterize plasmonic fields [18-20]. In
the work by Skopalova et al [18], plasmonic fields in surface-deposited nano-structures are
investigated in a specific structure in which a reconstruction of the localized field is shown to be
possible, at least in idealized circumstances where the location of electron ejection is uniquely
defined and when electrons are assumed to be selected with a very narrow detector acceptance
angle. However, the paper only treats the situations that fulfil such ideal conditions. In the work
of SiiBmann et al [19], like in our work, the application of attosecond streaking to plasmonic
fields surrounding spherical nanoparticles is considered. The main differences between our
work and the work reported in [19] lies in the fact that we consider the case of a resonant
plasmon excitation (as opposed to a non-resonant excitation in [19]) and in the methodology
we use to study the streaking experiment, which in our case involves the application of both
Mie theory and finite-difference time-domain (FDTD) methods. Finally, after this paper was
submitted for publication, a new paper by Borisov et al [20] has been published, which
calculates the attosecond streaking from rectangular nano-plasmonic antennas and from gas
phase nanoparticles. These calculations were performed for a fixed photoelectron kinetic energy
of 2 au and for photoelectron ejection along the common polarization direction of the IR laser
and the ionizing attosecond pulses. Our work goes beyond this in that we also consider electron
ejection in other directions and in that we explore the dependence of the streaking spectrograms
on the kinetic energy of the ejected electrons, varying this energy between 20eV and 1keV,
thereby changing between a regime where the electron leaves the plasmon field adiabatically to
a regime where the electron leaves the plasmon field on a timescale that is short compared to
the optical cycle.

2. Three regimes of attosecond streaking

In an attosecond streaking experiment, electrons are generated by photoionization with an
attosecond pulse in the presence of a moderately strong IR field. Since the attosecond pulse
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Figure 1. Three regimes of attosecond streaking can be distinguished by
comparing the time 7, it takes for an electron to leave the field to the pulse
duration #, and the period T of the field. In (a) (fy > 1), the electron stays within
the field from the time it is born to the end of the pulse. When T' < 1y < 1, (b),
the electron moves out of the field in a time that covers multiple optical cycles.
In (¢) (tp < T), the electron leaves the field ‘instantaneously’, i.e. within a
fraction of an optical cycle.

is short compared to the period of the IR field, ionization takes place at a well-defined moment
within that period. After the ionization the freed electrons interact with the IR field and thereby
their momentum after this interaction is dependent on the moment of ionization. This time-
to-momentum mapping allows characterization of the field by measuring the momentum (or
energy) of the electrons. The outcome of an attosecond streaking experiment depends on
whether or not the electron experiences a spatial variation of the field from the time it is born
till it is detected. Three limiting situations are possible, based on the relation between the time
it takes for an electron to leave the field (f), the period of the field T and the pulse duration .
The characteristic time #, is determined by the geometrical extension of the field ry and the
velocity of the electron vy according to 7y = ry/vo. In figure 1, a schematic representation of the
three cases is given.

The first case (figure 1(a)) occurs when the laser pulse is short compared to the time it
takes the electron to leave the field (7) > 1,). With such a short pulse the electron does not
experience a spatial variation of the field and remains in the field from the time it is born
to the end of the pulse. This is the situation generally encountered in attosecond streaking
experiments in a laser field. A classical analysis of the interaction of the electron with the
field in this case shows that the final momentum py is directly related to the vector potential
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Figure 2. Principle of attosecond photoelectron streaking. (a) The dashed circle
shows the momentum distribution in the xy plane produced by an attosecond
pulse, which is subsequently shifted by Ap(t;)) = —eA(t;) through interaction
with the laser field. In (b) the resulting final energy W(t;) for & = 0° (solid black
line) and for & = 90° (dotted black line) is plotted as a function of the phase of
the laser field together with the laser field with a wavelength of 800 nm and an
intensity of 10> W cm =2,

at the moment of ionization A, (¢;) [21]:

Pr=po — eAL (%), (1)

where py is the initial momentum of the electron acquired in the ionization process that
produces it. The momentum shift is schematically illustrated in figure 2(a) where an idealized
momentum map of photoelectrons that are initially ejected uniformly in all directions is
displayed. A linearly polarized laser field displaces the circle in the momentum map by an
amount equal to —eA [ (#;). The field is polarized in the x-direction and propagates along the
z-axis, which is the convention adopted throughout this paper. The field-induced momentum
displacement results in a photoelectron energy Wy that depends on # and on the observation
angle 6 between the direction of the velocity of the electron and the polarization axis [21].
When a laser field of E(¢t) = E((t)cos w;t is assumed, the final energy of the electrons detected
parallel (6 = 0°) and perpendicular (9 = 90°) to the laser polarization is given by*

Wi(t, 0 = 0°) = Wy +2U, sin’ wjt; + /8 Wy U, sin wyt;, (2)
Wi(ti, 0 = 90°) = Wy — 2U, sin” oty (3)

with w; being the frequency and E((¢) the envelope of the field. W, = p(z) /2m, is the starting
energy of the electron with mass m.. U, is the ponderomotive energy, which is given by
U, = e?E(1)? /4mea),2. This is the (cycle-averaged) energy connected with the quiver motion
of the electron in the laser field. In figure 2(b) the final energy W; described by equation (2)
is plotted as a function of the phase of the laser field at the moment of ionization w;t; (solid
black line) together with the laser field (gray line). Figure 2(b) shows that electrons detected
parallel to the laser polarization (0 = 0°) experience large positive and negative shifts in energy.
The dotted black line in figure 2(b) shows the final energy for electrons detected perpendicular

4 Equations (2) and (3) are valid for the situations in which the starting energy W, is much larger than the
ponderomotive energy U, which is usually the case in attosecond streaking experiments.
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to the laser polarization (equation (3)). These electrons experience energy shifts that are much
smaller and only negative [22].

The assumption that the electron does not experience a spatial variation of the field before
the field has turned off (7 > ) might not apply when attosecond streaking spectroscopy 1is
applied to probe localized plasmon fields. In the second case (figure 1(b)), the electron can
exit the field during the laser pulse but its exit takes many optical cycles (T <y < 1), i.e. the
electron leaves the field adiabatically.

While this adiabatic situation is vastly different from the previous case, where the pulse
dies out before the electron leaves the field (figure 1(a)), it only results in an additional
(constant) offset of U, in the final energy. This offset is the result of the ponderomotive force
F, = —V,U,(r) that the electron experiences while leaving the field, a phenomenon well known
from above threshold ionization by long laser pulses [23]. Streaking in a continuous field with
a finite size is thus described by (electron emission parallel to the polarization of the field)

Wi(t) = Wy + Up + 2Up Sil’l2 wit;+ 4/ SW()UP sin w;t;. “4)

The offset is hardly significant since, in general, U, will be small compared to the central energy
and the energy width of the attosecond laser pulse that produces the electron.

The last case (figure 1(c)) occurs when the electron exits the field within a short period
compared to the optical cycle (fy <« T') and describes the situation that was considered in [16].
Provided that the field extension is sufficiently small and the initial kinetic energy is sufficiently
large (ty < T), the electron can be assumed to leave the localized field ‘instantaneously’. In such
a situation the electron does not feel the oscillations of the field at all and the problem becomes
(quasi-) electrostatic in nature. In the instantaneous limit the outcome of an attosecond streaking
experiment is governed by the electrostatic scalar potential of the field ® (%) (E(t) = —V®(¢)):

Wi(1i) = Wo+e®(1). (&)

In stark contrast to the two previous cases in which electron streaking reveals the vector
potential, in this instantaneous picture the electron streaking curve will oscillate in phase with
the electric field (E(¢)). Another important difference is that the energy shift does not depend
on the starting energy W, or angle of emission 6. Although there might be situations where
the approximation 7y << T holds, specifically when the localized field is of the order of a few
nanometers, in general there will be an intermediate regime where none of the approximations
hold, i.e. when 7y~ T. The aim of this work is to bridge the gap between the different
distinct limits and investigate theoretically whether it is possible to probe localized fields with
attosecond pulses if one does not completely satisfy either one of the criteria discussed above.

From the above, it may be clear that attosecond streaking shows strong similarities to
previous experiments and calculations on the ponderomotive acceleration of electrons by
plasmon fields [24-26], which has recently been extended to few-cycle laser pulses [27-29].
In these experiments both ionization and excitation are performed by a single laser pulse,
which makes it distinct from the present analysis. More specifically, in attosecond streaking
the electron starts with a relatively high kinetic energy and the ponderomotive energy is small.
Moreover, effects that are typical of strong field ionization such as re-scattering, which was
found to be important in [29], are not expected to play an important role in an attosecond
streaking experiment discussed in this paper.
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Figure 3. The x- (a) and the y-components (b) (xy-plane) and the z-component
(c) (xz-plane) of the enhanced field in the vicinity of a 20 nm radius spherical
silver particle under resonant excitation by a monochromatic wave at 362 nm at
a phase where the field intensity enhancement is maximum. The values for the
fields are normalized to the field amplitude of the incoming radiation.

3. Electron streaking by a plasmonic field

In our work we have considered resonant plasmonic fields of spherical silver particles. The
fields on spherical metal particles are well described by Mie theory, an exact electrodynamic
solution of Maxwell’s equations for spherical particles based on a vector spherical harmonic
expansion [2] and a frequency-dependent dielectric function [31]. In figure 3, the field intensity
enhancement for a particle with a radius of 20 nm is plotted separately for the x- (a) and the
y-components (b) in the xy-plane and for the z-component (c) in the xz-plane. The field
in figure 3 closely resembles the field of a dipole at the center of the sphere. Higher order
multipoles, although included, do not contribute significantly to the field of a particle of this
size.

Similar to the work reported in [19], the attosecond streaking experiments are simulated by
numerically integrating classical electron trajectories in the enhanced field of the nanoparticle
under, in our case, resonant excitation, like the field that is shown in figure 3. The ionization step
by the attosecond pulse is assumed to produce electrons instantaneously at #; at a certain central
energy W, and with a bandwidth that corresponds to a Fourier-limited pulse duration of a 300 as
Gaussian pulse. This assumption is based on the fact that nowadays pulses with a duration down
to 80 as exist [30]. Hence, even if smearing by the pulse duration is not a problem, it is crucial
to verify that the streaking effect is not hidden within the bandwidth of the attosecond pulse.
Evidently, this is a significant simplification of the photoionization process, which results in
an idealized photoelectron spectrum that does not take into account the actual work function
or internal band structure of the electrons in the metal. However, although a real spectrum is
much more complicated, it usually contains distinguishable contributions of which the energy
shifts can be tracked as a function of plasmon excitation in a streaking experiment. In this work
we concentrate our analysis on the streaking dynamics and therefore the simplified ionization
suffices. The electrons are born on the surface of the sphere from where the interaction with
the field is calculated up to a point in time and space where the electron energy is constant. By
varying the moment of release of the electrons within the electric field, the delay between the
attosecond pulse and the incident resonant field is simulated. Here we take into account that
the actual arrival time of the ionization pulse varies over the particle due to finite particle size.
For a fixed delay t between the ionization and the plasmon excitation pulse, the moment of
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Figure 4. Attosecond streaking spectrograms from the enhanced field of a silver
spherical particle with a radius of 20nm from a Mie calculation resonantly
driven by a monochromatic wave with a wavelength of 362 nm with an intensity
of 10" Wem™2. Panels (a) and (b) are for electrons detected along the laser
polarization in the opposite direction and panel (c) is for electrons detected
perpendicular to the incident field polarization. In all cases, an acceptance angle
of & = £40° is used. Plotted in color scale is the normalized electron yield.

ionization is given by #; = T + Zya/c With zg,q being the z-coordinate of the starting position
of the trajectory. We assume that the attosecond ionization launches electrons in all directions
from a uniform distribution on one-half of the sphere (z < 0). The other half of the sphere
(z > 0) is assumed to be in the ‘shadow’, meaning that no electrons are produced. This is a good
assumption when the wavelength of the attosecond pulse is small compared to the radius of the
particle in which limit geometric optics applies. In any case, the results presented hardly depend
on the geometrical assumption. The electric field at an arbitrary location is obtained by linear
interpolation of the fields discussed in the previous section that are stored on a grid. Trajectories
that return to and collide with the particle are terminated. The final energy W; of the remaining
trajectories is recorded. Since a continuous wave incident field is used in the Mie calculations,
the vector potential of this continuous field is added to the momentum of the electron at the
moment when the boundary of the box is reached. In this way the electron leaves the field
adiabatically despite the fact that the incident field is a (continuous) plane wave.

3.1. Streaking in a plasmon field from Mie calculation

Figure 4 shows the result of a streaking simulation based on the field obtained with Mie theory
for a spherical silver particle with a radius of 20 nm, resonantly driven by a monochromatic
wave with a wavelength of 362 nm. The photoelectron spectrum as a function of the moment
of release (ionization), which is here indicated as the phase of the incident field, is plotted for
three different velocity (after interaction with the field) directions. Experimentally, it is possible
to obtain these photoelectron spectra by using either an electron spectrometer with a narrow
acceptance angle or resolving the angle of emission in an electron spectrometer with a larger
acceptance angle and post-selecting the electrons of interest. Figures 4(a) and (b) show streaking
spectrograms for electrons that fly out parallel to the incident field polarization, in the positive
(‘up’) and negative (‘down’) x-direction, respectively. The plots in figure 4 are obtained by
integrating over an acceptance angle of & = +40°. The results, however, do not depend strongly
on the width of this angle. In stark contrast to the situation of laser field streaking, we observe a
broadening of the electron energy distribution at certain delays, whereas in a laser field streaking
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Figure 5. Streaking spectrogram from the same field as in figure 4 for electrons
detected parallel (a)—(c) and perpendicular (d)—(f) with respect to the incident
field polarization. The spectrograms show the results for electrons starting from
different locations on the particle separately: for electrons that are born close to
the pole of the sphere (8 < 5°) (a), (d), at 45° (b), (e) and close to the equator
85° < 8 < 95° (c), (f). The white curves in (a) and (c) show the time dependence
of the x-component of the electric field where the electrons are born and in
(e) it is the component that is perpendicular to the polarization. We note that
results similar to (a)—(c) were recently reported in a paper by Borisov et al [20].

experiment an oscillating curve is obtained (figure 2). As in the case of streaking by a laser field,
the streaking curve behavior is opposite for the ‘up’ (figure 4(a)) and the ‘down’ (figure 4(b))
directions. In figure 4(c), the result is plotted for electrons that fly out perpendicular to the
incident field polarization. Because the system is cylindrically symmetric, all electron spectra
are independent of the azimuthal angle ¢ of the velocity vector. The result in figure 4(c) is again
different from what is observed in streaking by a laser field, where the electron spectrum is
shifted down with a periodicity of half the optical cycle [22] (figure 2(a)). By contrast, figure 4(c)
again shows a broadening of the electron kinetic energy distribution toward both higher and
lower kinetic energy with a periodicity of half the optical cycle. The origin of the differences
between what is observed here and what is found in laser field streaking experiments lies in the
non-uniformity of the plasmon field and will now be discussed in more detail.

3.1.1. Angular and spatially resolved streaking curves.. In figure 5, streaking curves are
plotted for electrons that are started from three specific locations on the particle: close to the
pole (6 < 5°) (figures 5(a) and (d)), around the equator (85° < 6 < 95°) (figures 5(c) and (f)) and
in between these two (40° < 6 < 50°) (figures 5(b) and (e)). For the three locations the streaking
curve is plotted for electrons that are detected in the positive x-direction (‘up’) (figures 5(a)—(c))
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and perpendicular to the laser polarization (figures 5(d)—(f)). The results presented in figure 4(a)
can be seen as the result of the superposition of the streaking spectrograms in figures 5(a)—(c).
The spectrogram in figure 4(c) corresponds to what is shown in figures 5(d)—(f) but in addition
contains contributions from electrons originating from positions on the sphere with 90° < 6 <
180°. We note that results similar to figures 5(a)—(c) were recently reported in the paper by
Borisov et al [20].

The streaking curve in figure 5(a) is plotted along with the x-component of the enhanced
field at the pole of the particle, demonstrating that the maximum shifts in the streaking curve
occur close to the zero of the field. Note, however, that the oscillation of the enhanced field has
a near-r phase difference with the incident field (not shown). Consequently, the oscillation in
the streaking curve does not follow the vector potential of the incident field. The phase shift
intrinsic to the plasmon resonance, which sweeps from 0 to v as the pump frequency is swept
through, should therefore be directly observable when comparing plasmon streaking curves with
reference streaking of the laser pulse.

The energy shifts that the electrons acquire are strongly dependent on the location on the
nanoparticle where they are produced. The energy shift in figure 5(b) (birth at 45° with respect
to the pole) is much smaller than in figure 5(a) (birth at the pole), whereas in figure 5(c) (birth
at 90° with respect to the pole) it is slightly larger again. In figure 5(c) the x-component of
the enhanced field (at r = ay) is plotted on top of the electron spectrogram. The overlay of
the enhanced field shows that the maximum energy shift coincides with the zeros of the field,
similar to the situation in figure 5(a). It follows that the phase difference between the fields
at the pole and the equator (see also figure 3(a)) is reflected in the two streaking curves in
figures 5(a) and (c). This phase difference explains why both positive and negative energy shifts
are seen simultaneously and result in the observed broadening of the electron energy distribution
in figures 4(a) and (b). The smaller shift in figure 5(b) is because the x-component of the
enhanced field experienced by electrons emitted from a point on the sphere around 6 = 45°
is smaller than that at the pole (6 =0°), as can be seen in figure 3(a). The y-component is
maximum at this position, but for electrons with an initial velocity in the x-direction this will
only cause a small (negative) shift. Generally, field components perpendicular to the electron
velocity vector have a small effect, as is well known from standard laser field streaking. In
attosecond laser field streaking, electrons that fly out perpendicularly to the laser polarization
acquire a streaking contribution to their kinetic energy that is many times smaller than that for
electrons flying out along the polarization (see figure 2). In a similar way, one can understand
the streaking behavior that is found for electrons that are detected perpendicular to the incident
field polarization in the plasmon streaking experiment (figures 5(d)—(f)). For these electrons the
energy shift is maximum for the electrons that are emitted from a point on the sphere around
0 = 45° (figure 5(e)), whereas the energy shifts of electrons emitted close to the pole and the
equator are much smaller. The behavior in figures 5(d)—(f) can be understood by considering
the spatial dependence of the enhanced field in the components perpendicular to the laser
polarization in figures 3(b) and (c), which is largest at the positions around 6 = 45° and 135°.
The streaking curve in figure 4(c) contains contributions from both these positions (68 = 45°
and 135°), which yield oscillations that are exactly out of phase. Figure 4(c) therefore shows a
superposition of two oscillations in antiphase. The ‘residual’ streaking effect in figures 5(b)
and (d) that remains despite the largely out-of-phase nature of the field oscillations at the
surface shows that interactions of electrons with the field further away from the surface are
also important. Summarizing figures 4 and 5, we can conclude that in an attosecond streaking
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Figure 6. (a) The central photoelectron energy of electrons emitted from the pole
of the particle detected along the laser polarization (figure 5(a)) for 10 W cm—2
(black line), 10'' W cm~2 (dark gray line) and 10'2 W cm~2 (gray line). (b) Maxi-
mum energy determined from curves as in (a) for eight different intensities
plotted as a function of U, of the incident field. The line is a fit to the data points
using equation (2), from which a field intensity enhancement of 98 is determined.

experiment in localized fields, one can probe the different components of the plasmon field
individually, provided one resolves the angular direction of the electrons.

3.1.2. Intensity dependence of the streaking results. To analyze further the character of the
streaking observations just presented, the dependence on the intensity of the incident field
is investigated for the case of emission in the positive x-direction from the pole of the
particle (figure 4(a)). In figure 6, streaking curves are plotted for the incoming field intensities
10" W cm~2 (black line), 10" W cm~2 (dark gray line) and 10'> W cm~2 (light gray line). For
these curves the photoelectron spectrum at each delay is fitted to a Gaussian from which the
peak position is determined. In figure 6(b) the maximum energy (for all delays) is plotted as a
function of U, of the incident field. The ‘plus’ symbols are the result of eight separate streaking
simulations and the line is a fit based on equation (4), in which the effective U, is used as the
fitting parameter. The value for U, determined in the fit gives a factor of 98 for the field intensity
enhancement, i.e. the enhancement of | E|?. Clearly, the fit describes the intensity dependence
rather well and the value for the field intensity enhancement is not far from the value of 120
at the surface of the sphere close to the pole. Attosecond streaking experiments could therefore
allow us to estimate field intensity enhancements directly when the streaking regime is known.
Deviations are the result of not completely fulfilling the condition of an adiabatic exit of the
field. In order to determine how far attosecond streaking will operate in any one of the three
regimes sketched in figure 1, we now proceed to discuss streaking as a function of the initial
energy of the electron.

3.1.3. Transition from the adiabatic to the instantaneous regime. In figure 1, three limiting
situations for attosecond streaking are sketched. When streaking in a free laser pulse, the
electron stays in the field for the whole pulse duration. The highly localized plasmon fields can
give rise to two distinct regimes. If the field is extended over a scale comparable to the travel
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Figure 7. Electron momentum shift for a 20 nm (a) and a 2 nm (b) particle for six
starting energies W, between 20 eV and 1 keV. The amplitude (c) and phase (b)
of these oscillations are plotted as a function of the initial velocity of the electron
for 20 nm (o) and 2 nm (+) particles. Panels (e) and (f) show contour plots of the
field enhancement around both particles using the same logarithmic color scale.
While field enhancements right on the sphere surface are almost identical, the
spatial extent of the field for the small particle is much smaller. For comparison
with the criterion for adiabaticity, we plot circles at distances 2vy/wy, i.e. the
distance an electron travels in a single optical cycle, away from the sphere edge,
for kinetic energies 20, 50, 100, 200, 500 and 1000 eV.

distance of the electron during the many optical cycles that the plasmon field oscillates, the
electron is said to leave the field adiabatically (27 vy/w < ro < votp). In contrast, the electron
exits instantaneously if the field extent is so small that the electron leaves the field within a
fraction of an optical cycle (ryp < 2mvy/w). The streaking behavior in the last case is very
different from the other two. A particularly striking difference is the different relative phase
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between the streaking oscillation and the streaking field, which is /2 in the adiabatic regime
but 0 in the instantaneous regime. The results presented in figures 4—6 indicate that for a particle
with a radius of 20 nm, and an initial electron energy of 100 eV the situation is best described by
the adiabatic regime, since it shows a phase difference with the field of 7 /2 (figure 5(a)) and the
streaking curve is well described by equation (4) (figure 6). In figure 7(a), results are presented
for the same particle size but for different starting energies. The momentum shift of the electrons
is plotted as a function of the phase of the incident field at the moment the electron is born for
six starting energies in the range between 20eV and 1keV. Again the electrons from the pole
of the sphere detected parallel to the laser polarization in the positive direction are selected.
The curves almost lie on top of each other, which is expected for a situation where the electron
moves out of an oscillating field adiabatically. Indeed, in the adiabatic regime, the momentum
shift should only depend on the properties of the field and should be independent of the initial
velocity. The situation is clearly very different for a particle with a radius of 2 nm, which is
shown in figure 7(b). The phase and amplitude of the oscillation in the momentum shift then
significantly change with the starting energy W,. For small initial velocities the momentum
shift approximates the momentum shift observed for the larger particles, but for larger initial
velocities a substantial drop in the momentum shift is observed because the particle exits
the plasmonic field before it turns off. In other words, the dependence on the starting energy
W, is the result of moving from the regime of an adiabatic exit (small initial velocity) to an
instantaneous exit (high initial velocity). The phase shift is only approximately /4, rather than
7 /2, because the asymptotic conditions for neither regime are met at either of the extremes in the
W, range. The transition between the two regimes is gradual both in phase and in amplitude (see
figures 7(c) and (d)). In the asymptotic limits (small radius, large initial velocity and large radius,
small initial velocity), the streaking behavior is well understood and the phase and amplitude
are related to the phase and amplitude of the field in a simple way. In the transition regime the
streaking depends not only on the phase and amplitude of the enhanced field, but also on its
geometrical extension.

3.2. Streaking in a plasmon field from a finite-difference time-domain simulation

Simulations that are based on the Mie theory are very convenient, since they allow one to
describe the field in an analytical form. However, when more complicated, non-spherical nano-
structures are used, it becomes necessary to resort to numerical methods, such as FDTD.
Due to the intrinsically pulsed nature of plasmon streaking, the FDTD method [32] is an
especially appropriate tool to simulate complex structures. A frequent problem with numerical
methods that use non-conformal gridding of plasmonic objects, such as the standard Yee grid
used in FDTD solvers, is the occurrence of artifacts. Due to staircase discretization on a
rectangular grid, the boundary conditions that require continuity of £ and H; are not accurately
represented exactly at the surface of the plasmonic object. As a consequence, in many reported
calculations, artifacts appear that are visible as highly intense hot spots of very high |E|? at
the object surface that, furthermore, represent strongly polarized fields with locally incorrect
field orientation. Although the volume containing artifacts of just one grid cell layer shrinks
with grid refinement, the hot spot artifacts commonly remain high in strength at any level of
grid refinement. Since such hot spots could significantly alter the predictions, we explicitly
benchmark that FDTD is suited for predicting streaking measurements. In order to assess the
suitability of FDTD for predicting the results of streaking measurements, a comparison was
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Figure 8. Maximum field intensity enhancement in the xy-plane calculated by
FDTD for a 20 nm spherical silver particle excited by a resonant 362 nm pulse
of (a) 4fs, (b) 8fs and (c) 15 fs. The spectra of the incident field (black lines) of
4fs (d), 8fs (e) and 15fs (f) are compared with the wavelength dependence of
the field intensity enhancement from a Mie calculation (gray lines).

made between the aforementioned results according to Mie theory and the numerical results
obtained by means of FDTD (Lumerical FDTD Solutions v7.0). For the FDTD simulations, we
have used a grid of 1 x 1 x 1 um?® with a minimum step size of 0.5nm and perfectly matched
layer (PML) absorbing boundaries. We have applied symmetry rules in two dimensions. An
extended analytical model was used for the optical constants to match the constants in the
Mie calculations as closely as possible. However, discrepancies remain resulting in deviations
in the field enhancement factor between the Mie calculation and the FDTD result. Optical
constants in FDTD have to be represented by an auxiliary time-dependent differential equation
for polarization in the matter, so that only the Drude and Lorentz descriptions can be simulated.
This restriction will result in deviations from the tabulated data, and hence in the fields.
Figures 8(a)—(c) show a reduction in the field enhancement for a 20 nm silver particle
excited by a 4 fs full-width at half-maximum pulse, as compared to a 15 fs pulse, as the pulse
bandwidth exceeds the plasmon resonance linewidth (spectra in figures 8(d)—(e)). Compared to
continuous wave calculations, a 30% reduction in field strength remains even for the longest
15 fs pulse. That the dispersive character of the collective plasmon resonance is important for
determining the local response in ultrashort-pulse experiments was already appreciated in [33].
Figure 9 shows the simulated streaking spectrograms for the FDTD fields in
figures 8(a)—(c) for electrons detected along the polarization in the positive x-direction (i.e. the
same conditions as in the Mie calculation shown in figure 4(a)). The zero of the delay axis
was chosen such that the attosecond pulse overlaps with the center of the incoming pulse. The
maximum streaking amplitudes are reached a few fs after the center of the incoming pulse
has reached the particle. The first observation in figure 9 is that, for the shortest pulse duration
(figure 9(b)), the energy shifts are smaller than those for the two longer pulses (figures 9(d)—(f)),
assuming identical peak field strengths of the driving field. The smaller streaking effect in
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Figure 9. Attosecond streaking spectrograms for electrons detected along the
laser polarization in the positive x-direction within an acceptance angle of
0 £40°. The simulations are based on the FDTD fields from figure 8 for an
incident intensity of 10'!' W cm™2. Panels (a), (c) and (d) show delays covering
the entire pulse duration and in (e), (f) and (g) a zoom-in over a single cycle of
the field is given. The zero on the delay axis marks the center of the incoming
pulse.

figure 9(b) is a direct consequence of the aforementioned finite bandwidth of the resonance
(figures 8(d)—(f)). The reduced streaking effect shows that in an actual experiment one might
not necessarily opt for the shortest pulse durations available. The importance of choosing longer
pulse durations tuned to the resonance linewidth will be especially important for studying
plasmon fields in coupled systems. For instance, it was recently predicted that strong local
excitations can be realized using narrow Fano resonances that result from coherent coupling
between bright and dark modes in plasmonic molecules, a phenomenon called plasmon-induced
transparency [34].

Another observation is that even after the incident field has vanished (7 > 10fs),
oscillations resulting from the finite lifetime of the plasmon are observed. From this asymmetry
in the streaking spectrogram the dephasing time of the plasmon can be extracted. These
spectrograms would allow for a complete characterization of the incident and plasmon fields
including the carrier envelope phase (CEP) of both fields if at the same time a reference
streaking spectrogram is measured that depends on the incident field rather than the plasmon
field.
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Figure 10. Streaking spectrogram for the same situation as in figure 9(b) for
electrons that started close to the pole of the particle (a) and around the equator
(b). The white curves show the time dependence of the x-component of the
electric fields at the locations where the electrons are born. The delay range is
chosen such that a direct comparison can be made to figures 5(a) and (c).

To compare the results from the FDTD fields with the results obtained with the field from
a Mie calculation, the streaking spectrogram from figure 9(b) is separated into the contributions
originating from the pole (figure 10(a)) and the equator (figure 10(b)) of the particle as was done
before in figure 5. The x-component of the enhanced field at the respective locations is plotted
on top of the streaking spectrograms. The maximum shifts in energy coincide with the zeros
of the field, as was the case in previous calculations based on a field from a Mie solution. The
amplitude of the oscillation is slightly smaller than that in the Mie results, which is attributed
to the fact that the field intensity enhancement in the FDTD fields is about 30% smaller than in
the Mie calculation.

4. Application to experiments

So far we have considered the electron streaking dynamics in general. In this section, we would
like to discuss a number of key issues related to the practical implementation of attosecond
plasmon experiments.

The situation that most closely resembles that in our simulations would be an experiment
in which metallic nanoparticles can be injected into a photoelectron spectrometer by a gas jet.
The experimental conditions would closely resemble those of traditional attosecond streaking
experiments [15]. The main additional complexity is the need for the incident field to match the
resonance of the particles under investigation. The calculations presented here suggest that the
second harmonic of a Ti:sapphire laser could be used as the incident field. Besides homogeneous
spherical particles, the so-called core—shell and ellipsoidal particles will be of interest as well. In
such particles, the resonance can be shifted toward longer wavelengths and potentially a higher
field intensity enhancement can be achieved.

Attosecond streaking studies of plasmonic structures on a surface would be a much more
general way of studying plasmon fields. Such structures are produced by either nanofabrication
methods or deposition of nanoparticles. Attosecond streaking experiments on surface emitted
photoelectrons have already been performed [35]. Simulating such an experiment would require
extending the models to include the surface. Including structures other than spheres requires
numerical techniques such as FDTD, discrete dipole approximation (DDA) or the use of
techniques based on surface integral methods that can conformally grid the metal surfaces,
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thereby avoiding the staircasing discretization issues of Cartesian gridding conventionally used
in, e.g., FDTD [36].

In this study, we have focused on silver particles because they have the largest optical
response. Besides silver, also aluminum, copper and gold nanoparticles show significant field
enhancements [37]. For gas phase experiments, however, we envision that one would use
colloidal particles, in which case only silver and gold particles are readily available. For
lithographically defined structures, the geometry of the structure becomes at least as important
as the material. For example, in a dimer gap the field enhancement can be much higher than that
for any single particle even if the dimer is made of a poorer metal.

A crucial parameter in an experiment is the electron yield, which will be dependent on
the density of particles, the number of photons per area, repetition rate and detection efficiency.
In [19], count rates of about 1 electron per second were calculated as being possible, using a
10 kHz source of isolated attosecond pulses, with 10° photons per shot. Using novel schemes
for the generation of intense isolated attosecond pulses, such as ionization gating [38], we
may anticipate increases in the intensity of isolated attosecond pulses of at least two orders
of magnitude, leading to the situation where the experiments can be confidently attempted.

5. Conclusions and outlook

In this paper, we have investigated attosecond streaking spectroscopy as a tool for the
characterization of plasmon fields. A general method for simulating such experiments is
presented based on Mie theory and FDTD simulations. Analytical theories like Mie theory exist
only for a limited number of cases. The comparison between the results based on fields from a
Mie calculation and those based on FDTD fields shows that there is good agreement. The good
agreement indicates that the method based on FDTD is reliable despite the numerical artifacts
that occur at the interface of the metal particle.

The key difference between plasmon streaking and conventional streaking is that the
conventional assumption that the pulse dies out before the electron has left the spatial extent
of the field is violated. From our simulations, we conclude that this violation does not prevent
one resolving the oscillations of the plasmon field. In most practical situations, the electron
moves out of the field adiabatically allowing one to resolve the phase and the amplitude from
localized fields. These experiments would enable us therefore to measure independently both
the field intensity enhancement and the dephasing time, which can form a strong test for existing
models. Moreover, with attosecond streaking one can resolve the absolute phase (CEP) of the
field rather than only relative phases that are resolved in techniques based on interferometry
with long pulses (e.g. FROG).

We have shown that the exit of the electron from the field is no longer adiabatic for
sufficiently high starting velocities and/or sufficiently small field extensions. The departure
from adiabatic conditions is reflected in changes of both the phase and the amplitude of the
streaking curves. Ultimately, one would arrive at the instantaneous limit proposed by Stockman
et al [16]. However, in practice, we expect that experiments will at best reach midway into the
transition between the adiabatic and the instantaneous. In the transition between the adiabatic
and the instantaneous regime, the phase and amplitude of the streaking curves are no longer
related to the phase and amplitude of the field in a straightforward manner. Furthermore, if
one were to scan the incident wavelength over the plasmon resonance wavelength, attosecond
streaking would reveal the associated phase-flip of the plasmon response from O to 7.
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A second difference compared with conventional attosecond streaking beyond the limited
spatial range of the field is the large spatial and vectorial non-uniformity of the field over the
surface of the plasmon object. In agreement with the recent paper by Borisov et al [20], our
calculations show the profound effect of such non-uniformities on streaking spectrograms. The
streaking spectrograms for localized fields contain distinct oscillatory contributions of different
amplitudes and phase offset oscillations on top of each other originating from different positions
on the particle, instead of consisting of a single oscillation as in the case of streaking by a
laser field. Obviously, spatially resolving these contributions would be desirable but will be
extremely challenging, even with a PEEM instrument [16, 39]. Interestingly, by resolving the
angle of emission of the electron one can probe the different vector components of the localized
fields individually.
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