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Field emission of electrons is generated solely by the ultrastrong near-field of strongly coupled

plasmons without the help of a noticeable dc field. Strongly coupled plasmons are excited at Au

nanoparticles in subnanometer distance to a Au film by femtosecond laser pulses. Field-emitted electrons

from individual nanoparticles are detected by means of photoelectron emission microscopy and spec-

troscopy. The dependence of total electron yield and kinetic energy on the laser power proves that field

emission is the underlying emission process. We derive a dynamic version of the Fowler–Nordheim

equation that yields perfect agreement with the experiment.
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Since the discovery and fundamental comprehension of
the external photoelectric effect by A. Einstein in 1905,
electron emission from solid surfaces induced by photons
has become a widely used method to study surface effects
and the electron structure of solids. In addition to the
common linear photoemission process, where the emitted
electron captures the energy of a single photon, the devel-
opment of pulsed lasers enabled multiphoton photoemis-
sion (nPPE, n referring to the number of photons involved
in the emission process) [1,2], relying on the high photon
density per pulse and providing additional information on
unoccupied electron states. Using pump-probe schemes,
time-resolved experiments have been implemented to in-
vestigate electron dynamics [3,4].

Along with an increase of the laser fluence, above-
threshold photoemission has been observed [5,6]. In this
process, the emitted electrons collect the energy of more
photons than necessary to overcome the work function of
the solid. In addition, few-cycle laser pulses allow for the
investigation of carrier-envelope phase effects of the emis-
sion process on the attosecond time scale [7,8]. At even
higher photon intensity, the onset of field emission has
been predicted [2], being of particular interest for applica-
tions, e.g., bright ultralow emittance pulsed electron
sources usable for time-resolved electron microscopy [9].
However, the experimental realization of this regime for
solid-state surfaces has not yet been proven. This is due to
the fact that the necessarily huge laser intensity can easily
exceed the damage threshold of the sample [10,11]. In
addition, space-charge effects easily impede the precise
measurement of the electron yield [12]. Electron emission
from nanostructures partly avoids the abovementioned
obstacles, benefiting from the near-field enhancement of
excited plasmons that strongly increases the nPPE proba-
bility [13,14]. In order to approach the field emission
regime, several groups studied electron emission from a
metal tip with a curvature radius of several tens of

nanometers, where a dc voltage was applied in addition
to the laser excitation [8,15–19]. Increasing the dc voltage
provoked a transition from a dominating nPPE process to
the field emission of photoexcited electrons.
In contrast to previous studies, we report on the field

emission of electrons that are solely emitted by the ultra-
strong oscillating near-field that is generated by a coupled
plasmonic structure. The near-field is excited in the sub-
nanometer gap between a Au nanoparticle and a Au plane
(nanoparticle-on-plane, NPOP) [20–22].
A sketch of the investigated sample is shown in Fig. 1(a).

The preparation procedure was reported in detail by
Schmelzeisen et al. [23]. A Si(111) surface was capped
with a 1-nm thick Cr seed and a 50-nm thick Au film.
Then, the sample was immersed into a solution containing
the organic molecule cysteamine, which thereupon bound to
the Au surface, constituting a self-assembled monolayer
(SAM). In the final step, Au nanoparticles (� 90 nm di-
ameter) [23] were placed onto the SAM. The SAM served as
a spacer between the Au nanoparticles and Au film, forming
a well-defined gap. The simulated field distribution around a
NPOP is shown in Fig. 1(b) [24]. The photoemission experi-
ments were conducted under ultrahigh vacuum conditions
(p � 10�9 mbar). The optical excitation was induced by
p-polarized light of a Ti:Sa femtosecond laser (MaiTai
Spectra-Physics, 80 MHz repetition rate, pulse width
�100 fs, max. �7 nJ=pulse) in the wavelength range of
750–850 nm. The illuminated area (> 104 �m2) was much
larger than the detection area (< 5� 102 �m2), ensuring a
uniform illumination of the analyzed NPOPs. The emitted
electrons were imaged by a photoemission electron micro-
scope. A retarding field analyzer (RFA) operates as a high-
pass energy filter with an energy resolution of 250 meV. A
CCD camera converted the light of the fluorescence screen
behind the RFA into digital information.
In order to identify the underlying electron emission pro-

cess, we analyze the dependence of the total emission yield
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on the laser power density [Fig. 2(a) and 2(c)] and the kinetic
energy distribution of the emitted electrons [Fig. 2(b)].

In a nPPE process, the electron yield Y is proportional to
the nth power of the incident laser intensity P, Y / Pn [2].
Hence, a double-logarithmic representation reveals the
corresponding order from the slope in the Y vs P plot.
Our result of n ¼ 5:5 indicates a fractional value of n. We
measured the workfunction� of the Au surface covered by
a SAM of cysteamine molecules by illuminating the sam-
ple with light from a mercury arc lamp with a cutoff energy
of 4.9 eV. In this case 1PPE from a sample area without
NPOPs leads to a maximum kinetic energy of 0.9 eV,
resulting in � ¼ 4:0 eV. Three photons (energy per pho-
ton �1:55 eV) are needed to overcome the work function.
Thus a 3PPE process is expected to be the prevailing
photoemission process, i.e., we expect n ¼ 3 instead of
the measured n ¼ 5:5. Therefore, the observed power de-
pendence of the total electron yield is at variance with the
model of nPPE. Also, above-threshold photoemission can
be excluded, because it is clearly dominated by the lowest
possible order [6,18].

An additional argument against nPPE is given by the
missing energy in the kinetic energy distribution of
the emitted electrons. For nPPE, the kinetic energy of
an emitted electron is given by Ekin ¼ nh�� Eb ��
(Eb: binding energy). The maximum kinetic energy of
the emitted electrons stemming from the Fermi edge
(Eb ¼ 0) is expected to reach Ekin ¼ nh��� indepen-
dent of the laser power density. For a 6PPE (5PPE)

process, laser pulses with a wavelength of 780 nm
result in a maximum kinetic energy of 5.5 eV (3.9 eV).
In order to compare with the observed energy distribu-
tion shown in Fig. 2(b), we introduce E90%

kin as the

maximum kinetic energy of the 90th percentile of the
electrons at a given laser power density, resulting in
E90%
kin ð3:5GW=cm2Þ¼1:4eV, E90%

kin ð7 GW=cm2Þ ¼ 1:8 eV
and E90%

kin ð12 GW=cm2Þ ¼ 3:0 eV. In all cases, E90%
kin is

smaller than the expected kinetic energy for a 6PPE
(5PPE) process. A postemission acceleration process, as
discussed below, can only increase the kinetic energy, thus
leaving even less remaining energy for the initial photo-
emission process. Thus, the total electron yield and the
energy distribution of the emitted electrons cannot be
explained by a nPPE process.
A totally different emission mechanism is given by

field emission, which occurs only in the presence of very
strong electric fields. In the case of dc electric fields, the
field emission results in a narrow energy distribution of
emitted electrons, in contrast to our experimental results.
Nevertheless, in the following we will show that the ob-
served energy distribution can well be explained by a field
emission model considering postemission acceleration.
For discrimination between photoemission and field emis-
sion, Keldysh proposed the dimensionless parameter

FIG. 2 (color online). (a) Total electron yield vs laser power
density from an individual NPOP. The slopes of the fitted straight
lines indicate a power law with an exponent of n ¼ 5:6ð1Þ
independent of the wavelength. An offset for the data was
adopted for better visibility. The laser power density refers to
the incident intensity; i.e., plasmonic enhancement is not con-
sidered. (b) Electron yield versus kinetic energy for the indicated
laser power densities at 780 nm. (c) FN plot for the identical data
as in (a). The solid curves indicate a fit to the modified FN
equation [Eq. (2)]. The dashed lines illustrate the FN equation
for static fields. (d) Double-logarithmic representation of the
FN-behavior (blue curve). The straight green and red lines
indicate power laws n ¼ 1 and n ¼ 5:5, respectively, (Y / Pn /
E2n, n ¼ 5:5).

FIG. 1 (color online). (a) Sample structure, (b) calculated
electric field distribution around a NPOP under gap resonance
excitation, and (c) schematic setup of the gap resonance induced
electron emission experiment by means of fs-laser excitation and
photoemission electron microscopy detection, (d) PEEM- and
(e) SEM- image of the identical NPOP.
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� ¼ !
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffið2m�Þ=ðeEÞp

[25], where ! is the angular fre-
quency, and E the electric field strength amplitude of
the light, m is the mass and e the charge of the electron
and � is the work function. Photoemission is favored
for � > 1 and field emission for � < 1. Using our experi-
mental parameters, we obtain a power density of w � 6 �
108 W=cm2 on the sample, corresponding to an electric
field strength of Elaser � 50 MV=m. The electric field
strength in the gap of the NPOP is enhanced by plasmon
coupling. We performed numerical simulations using CST

MICROWAVE STUDIO 2010 [24]. Considering a sphere on

plane system with a sphere diameter and gap width similar
to the ones used in the experiment, we obtained an en-
hancement factor of 103. Therefore, the electric field
strength in the gap is Egap � 50 GV=m and thus, the

Keldysh parameter results in � � 0:2, indicating the strong
field regime where field emission is favored.

In the case of static electric fields, the total electron yield
varies in dependence on the electric field strength E ac-
cording to the Fowler–Nordheim (FN) equation [17,26]

J ¼ aE2 expð�b=EÞ (1)

with a and b denoting constants for a given experimental
geometry. A comparatively large dc field of several V=nm
has to be applied to reach the field emission regime. In our
experimental setup, the dc field generated by the PEEM
extractor (objective lens) is 3 orders of magnitude smaller
(Eext ¼ 2 mV=nm). Hence, the electron tunneling is en-
tirely induced by the plasmon-enhanced optical near-field.
In order to illustrate the field dependence according to
Eq. (1), we present experimental data in the FN-plot
[Fig. 2(c)]. In this plot the field dependence of Eq. (1)
shows up as a straight line. Indeed, the experimental data
show an almost linear decrease. The remaining systematic
deviations are explained by the fact that the field is oscil-
lating instead of being constant. Within one oscillation of a
laser cycle, electric field values between Emin ¼ 0 and
Emax ¼ Egap contribute. Negative values of E are not con-

sidered as no electron emission occurs in this case. In order
to describe the total electron yield Y for varying electric
field strength, we integrate the partial currents generated by
the time-dependent field EðtÞ:

Y ¼ 1

T

Z T=2

0
Jdt ¼ 1

T

Z T=2

0
a�E2ðtÞ expð�b�=EðtÞÞdt (2)

The time-dependence of the electric field is described by
EðtÞ ¼ E0 � sinð!tÞ. A numerical fit to this function is
shown in Fig. 2(c) (solid line). Instead of the original
FN-equation [dashed line in Fig. 2(c)], Eq. (2) reproduces
the positive curvature of the experimental data, thus con-
firming this ansatz.

In the following, we discuss the reason for the linear
behavior in the double logarithmic plot of Fig. 2(a).
Experimental limitations confine the investigated interval
of the electric field strength considerably. Because of the

strong decrease of the electron yield with decreasing laser
power density, it is impossible to measure the total electron
yield when the intensity is reduced by more than a factor of
4 from the maximum value, corresponding to a reduction
of the electric field strength by a factor of 2. To ensure an
appropriate data analysis with justifiable statistical condi-
tions, the exposure time must be enhanced by a factor of
�50, if the excitation intensity is decreased by a factor of
2, due to 25:5 � 50. Instabilities in our experimental setup
on a time-scale of hours rule out a further reduction of the
laser intensity. In the investigated interval of the electric
field, the FN-equation can be approximated by a power
law as demonstrated in Fig. 2(d). For large electric field
values, Eq. (1) is approximated by Y / P / E2, i.e. n ¼ 1.
At lower electric field values the exponent n increases
to infinity. For reasonable experimental conditions near
E ¼ 50 GV=m the FN-behavior is approximated by
Y / P5:5 / E11, i.e. n ¼ 5:5, in nice agreement with the
experimental observation.
Field emission alone does not explain the kinetic energy

distribution displayed in Fig. 2(b) and their pronounced
dependence on the laser power density. Larger intensities
generate an increasing contribution of electrons with high
kinetic energy. Electrons with energies up to Emax

kin � 7 eV
are emitted at a power density of 11 GW=cm2. We would
like to emphasize, that space-charge effects, causing a
spread of kinetic energy of the electrons due to Coulomb
repulsion [12], do not play any role here, since the average
electron yield from one NPOP per pulse is less than one.
High kinetic energies can be explained by the pondero-

motive force of an oscillating and strongly inhomogeneous
electric field, expelling a charged particle out of the region
of strong fields [7,27–29]. The ponderomotive force
Fpond ¼ �rUpond acts on the electrons after the emission,

Upond ¼ ðe2E2Þ=ð4m!2Þ being the quiver energy of a

charged particle in an oscillating, inhomogeneous electric
field E. The negative sign indicates, that the electrons are
accelerated in the direction of weaker electric field. This
effect has been observed in several studies for SPP excita-
tion on metal films [7,27–29], constituting electrons with
kinetic energies up to the keV-range [29]. In our experi-
mental setup, the kinetic energies are expected to be much
lower, since the energy gain depends both on the pulse
duration of the laser and the spatial distribution of the
ponderomotive potential. The enhancement of the near-
field of a NPOP with a subnanometer gap between particle
and plane is strongly localized in the gap, see Fig. 1(b).
Therefore, the gradient of the ponderomotive potential is
large in the vicinity of the gap and rapidly decreasing with
increasing distance from the gap, resulting in a smaller
energy gain.
As an estimate, we calculate the energy gain of an

electron on its way from the gap to the homogenous field
regime using the field distribution shown in Fig. 1(b).
For the maximum laser power density, the calculated
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kinetic energy results in 10 eV, being in a good agreement
with the observed maximum energy gain of �7 eV.

The excitation of a plasmon does not only enhance the
near-field, but also the scattering efficiency to the far-field
[30]. The emitted electrons might interact with the light
radiated into the far-field, affecting, e.g., their kinetic
energy distribution. However, we have shown in a recent
study that the resonances induced with the given experi-
mental conditions are dark modes; i.e., no scattering occurs
in this wavelength regime [31].

In Fig. 3, the calculated electron trajectories are
sketched. The ponderomotive potential does not only ac-
celerate the electrons but also directs them out of the gap
region around the nanoparticle towards the region of the
constant small extractor field. Consequently, the pondero-
motive potential enables the experimental study of the
electric near-field by means of PEEM, even if the direct
access to the emission region is shielded by components of
the sample. Therefore, PEEM is a superior method to
analyze the strong coupling of plasmons via ultrasmall
gaps, to which the experimental access by means of con-
ventional tip-based near-field techniques (e.g., scanning
near-field optical microscopy, SNOM) is unfeasible.

Strongly coupled plasmons generate ultrastrong near-
fields. We have shown that these ultrastrong fields can be
utilized to extract electrons from solid-state surfaces by a
field emission process. The field emission process deviates
from static field emission because of the oscillation of the
electric near-field and can be described by a modified
Fowler-Nordheim behavior. Electrons can be extracted
even from buried spots due to the ponderomotive accelera-
tion which makes the process very useful for the charac-
terization of coupled plasmonic systems of arbitrary
geometry. Since the coupled plasmonic structure gathers
the incident energy from the light wave and focuses it to a
region far below the optical diffraction limit, ultrastrong
fields can be achieved even with moderate excitation
intensities. Therefore, the plasmonic field emission process

from coupled plasmonic systems described here opens a
path to investigate electron emission under unprecedented
large electric fields that are far above the destruction level
for plane wave illumination.
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