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Nonrelativistic electron–electron Møller
scattering in a nonadiabatic tunnel-ionizing
surface plasmon field
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Ultrafast processes occurring on nanoscale surfaces can be probed with ultrafast low-energy

electron pulses. Specifically, for metallic samples, the interaction of free electrons with sur-

face plasmon fields provides insight into the nanoscale electron dynamics at the surface.

Current models and experiments include the interaction of electrons with the sample, but

ignore electron–electron and electron–plasmon interactions. Here we show that secondary

electrons and their interaction with the incident primary electrons via nonrelativistic Møller

scattering in the presence of optical and surface plasmon fields significantly alters the

electron dynamics probed with ultrafast low-energy electron microscopy. Modeling this

electron–plasmon interaction is key for interpreting ultrafast electron dynamics on metallic

surfaces.

https://doi.org/10.1038/s42005-020-0295-5 OPEN

1 Ultrafast Optics and Nanophotonics Laboratory, Department of Electrical and Computer Engineering, University of Alberta, Edmonton, AB T6G 1H9, Canada.
2 Department of Electrical and Computer Engineering, Johns Hopkins University, Baltimore, MD 21218, USA. *email: sgreig@ualberta.ca

COMMUNICATIONS PHYSICS |            (2020) 3:28 | https://doi.org/10.1038/s42005-020-0295-5 | www.nature.com/commsphys 1

12
34

56
78

9
0
()
:,;

http://orcid.org/0000-0003-0725-8736
http://orcid.org/0000-0003-0725-8736
http://orcid.org/0000-0003-0725-8736
http://orcid.org/0000-0003-0725-8736
http://orcid.org/0000-0003-0725-8736
mailto:sgreig@ualberta.ca
www.nature.com/commsphys
www.nature.com/commsphys


Surface plasmons (SPs) are collective oscillations of charge
density waves that can be optically driven at interfaces
between materials having permittivities of the opposite sign.

The nanoscale localization and steep spatial gradient of the SP
field leads to enhanced electromagnetic field–matter interaction.
On the fundamental level, free electron–electron interaction in
the presence of SP fields provides a wealth of information on
ultrafast processes occurring on nanoscale surfaces. As such, it is
imperative to understand how a free electron interacts with such
fields, as this is a precursor for many key experiments in ultrafast
surface science. For example, ultrafast electron microscopy
(UEM) has potential to resolve processes in nature with temporal
resolution approaching the attosecond regime1–5 and spatial
resolution on the order of the atomic unit of length. Studying
dynamics in matter at ultrahigh spatial and temporal resolution
enables unprecedented insight into a wide range of topics
including phase changes in materials1,6–8, charge density waves
on surfaces9,10, chemical bonding dynamics11–13, and structural
surface dynamics14,15. A common approach to interpreting the
electron dynamics probed in UEM relies on models for the
electron–sample interaction, which tend to ignore interactions
along the electron’s trajectory inside the sample16.

The large penetration depth of the high-energy electrons
(50–200 keV) employed in most UEM setups limits these
experiments to studying the bulk response of the material.
However, on surfaces, probing such ultrafast dynamics requires
electron interaction within a penetration depth of 1 nm that can
only be achieved by low-energy electron pulses. Two low-energy
candidates have emerged: ultrafast low-energy electron diffrac-
tion (ULEED) and high-resolution electron energy loss spec-
troscopy (HREELS). Although ULEED has demonstrated high
surface sensitivity with ultrafast temporal resolution10,17,18, its
major limitation is that it is confined to probing structural
dynamics and therefore is not effective for time-resolved studies
of surface chemical reactions. On the other hand, studying
surface chemical reactions requires the use of HREELS, which
employs electron energies <100 eV and typically around 5 eV to
achieve an energy resolution of 1 meV. Although HREELS
provides surface chemical sensitivity, it does not reveal infor-
mation about the important ultrafast temporal evolution of the
reactions occurring at the surface. Extending the temporal
resolution of time-resolved HREELS towards the attosecond
timescale would prove indispensable for probing the time
dynamics of a variety of surfaces19–21 and studying various
surface adsorbate reactions including carbon monoxide22–24,
molecular oxygen25,26, water27,28, aromatic compounds29, and
self-assembled monolayers30,31. Nonetheless, one has to under-
stand first how an electron behaves in an SP field, especially
when considering electron dynamics on metallic surfaces.

In a time-resolved, optical pump/electron-probe UEM
experiment, a pulsed electron beam interacts with a sample at the
same instant that it is being excited by an ultrafast laser pulse. In
such arrangement, the probe electrons are influenced by the
fields from the excitation optical pulse or, more importantly, the
fields from the SP pulse excited by the aforementioned optical
pulse. This interaction strength is significantly enhanced as
the SP field strength approaches the strong field regime, where
the ponderomotive energy of the SP field is comparable to the
electron-binding energy. Although the interaction of SP fields
and photoemitted electrons is well understood32–37, the intimate
dynamics of free, non-photoemitted, low-energy electrons
interacting with SP fields are more fundamentally important,
especially in the strong field interaction regime. The most
important aspects of this SP–electron interaction that must be
addressed are as follows: how these low-energy electrons interact
with the SP field; how their kinetic energy and angular

distribution will be affected; what happens when the SP field
strength approaches the strong field regime; and the role of
electron–electron scattering. Fully understanding this funda-
mental SP–electron interaction is a prelude for the advancement
of low-energy, surface-sensitive UEM.

In this study, we investigate the interaction of high plasmonic
fields and free electrons propagating nearly parallel to a metallic
surface. We demonstrate that in the nonadiabatic tunnel-
ionization regime (Keldysh parameter, γ, between 1 and 2), the
existence of secondary electrons (SEs) and their interaction with
primary electrons (PE) via Møller quantum mechanical non-
relativistic scattering in the presence of optical and plasmonic
fields play a major role in altering electron dynamics. The pre-
sence of SEs introduces a large population of low-energy electrons
to the measured kinetic energy spectrum as well as significantly
increasing the total number of electrons leaving the surface. This
is particularly evident in UEM where the number of SEs is
comparable to the number of PEs in the ultrafast electron-probe
pulse. The angular distribution of the electrons is also skewed
towards the direction of SP propagation with a distinct beaming
of 25°–30°. All of these effects obscure information that is useful
for both diffraction and electron energy loss experiments. The
experimental results are confirmed via a detailed model that
combines finite-difference time-domain (FDTD), Monte Carlo,
and electron-tracking calculations.

Results
Experimental setup. The experimental setup used to study the
interaction of free electrons with a plasmonic field is depicted
schematically in Fig. 1. SPs having wavevector kSP and peak electric
field strength |ESP|, are excited on a 45 nm Au film in the
Kretschmann geometry by laser pulses from a Ti:Sapphire chirped
pulse amplifier. The laser pulses have a duration of 50 fs and a
central wavelength of 800 nm. The 5.7 mm-diameter laser spot size
on the Au film ensures the largest possible electron–ESP interaction
region in both space and time (see Supplementary Note 1 for cal-
culation of the interaction region), while maintaining a Keldysh
parameter between 1 and 2. A continuous PE beam from an elec-
tron gun is passed almost parallel to the Au film, along the same
direction as kSP. It is important to note that the PE beam has a
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Fig. 1 Schematic depiction of experimental setup and relevant processes.
Surface plasmons are excited on a 45 nm Au film. A 300 eV continuous
primary electron (PE) beam propagates parallel to the Au film. Internal
secondary electrons (SEs) are generated by PE collisions within 0.5 nm of
the surface of the Au film. kSP is the surface plasmon wavevector, α is the
angle between PE and SE, θs is the Møller scattering angle, θd is the angle of
the detected electrons, and J is the total collected current.
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diameter of 2mm and a 5° angular spread, such that a portion of
PE collide with the Au film to generate SE. The kinetic energy of the
PE beam is set to 300 eV and the beam current, IPE, is varied as
required. The PE kinetic energy of 300 eV is selected due to it being
the experimentally determined peak for SE yield from Au films38.
All electrons (PE, SE, and photoemitted electrons) are detected by a
Faraday cup detector having an acceptance angle of 5°. The choice
of a Faraday cup as a detector was dictated by its lack of pertur-
bation to the PE beam compared with the high-voltage perturbation
from more sensitive detectors, such as electron multipliers or
channeltrons. The electron detector is placed on an angular trans-
lation stage so that the angular distribution of the electrons can be
measured. Due to the placement and proximity of the electron gun
to the sample, only angles between 0° and 90° can be measured. To
only observe electrons (i.e., experiment electrons) that have inter-
acted with the ESP or incident laser field, the output of the electron
detector is connected through a low-noise current preamplifier to a
lock-in amplifier that takes its reference from an optical chopper
placed in the laser beam path.

Surface plasmon–free electron interaction. For surface-sensitive
UEM, a key characteristic is the angular distribution of the
electrons leaving the surface, especially for electron diffraction
experiments. Therefore, it is important to investigate how the
angular distribution changes in the presence of ESP. Figure 2
depicts the angular distribution of the total measured current, J,
as a function of IPE at a fixed laser intensity, Ilaser, of 25 GW cm−2.
At IPE= 0 nA, any detected electrons would be due to a plasmon-
driven photoemission process from the Au film33,34,39. As
expected, electron emission from the Au film peaks to 5.3 pA in a
direction perpendicular to the film (with a total emission current
of 37 pA) and has a half-width-at-half-maximum of 17.5° due to
the ponderomotive force from ESP driving the photoemitted
electrons in a direction away from the Au film. However, once the
PE beam is introduced, even at currents as low as IPE= 5 nA, the
situation becomes markedly different.

A noticeable difference with the presence of the continuous PE
beam is the significant increase in J. At IPE= 5 nA, the total
collected current is 309 pA, an 8.4× increase compared with
IPE= 0 nA. Increasing IPE to 50 and 500 nA results in total
currents of 364 pA and 422 pA, respectively. The increase in J is
accompanied with a distinct lobe centered at ~25°–30° away from
the Au film. At IPE= 5 nA, the current peaks to 27.6 pA at 25°. At
IPE= 50 nA and 500 nA, the lobe shifts to 30° and 35°,
respectively. It is important to note that as the experiment uses
phase-sensitive detection, only electrons that interact with the
optical field or ESP are collected.

To ascertain the origin of the increased J, it is imperative to
determine the electron emission process, i.e., multi-plasmon
photoemission, field emission, or tunnel ionization. Figure 3
depicts J as a function of Ilaser at IPE= 0, 5, 50, and 500 nA. At
IPE= 0 nA, a nonlinear power scaling dependence of 4.23 is
observed (Fig. 3(a)). This is the standard four-plasmon emission
process of electrons in the Au film absorbing four SP quantum
with hν= 1.55 eV energy (λ= 800 nm) to overcome the Au work
function, WF, of 5.2 eV, confirming that with no PE present the
electron emission process is strictly in the multi-plasmon
absorption regime. Nevertheless, once PEs are introduced, the
power scaling dependence changes. The total current scales
linearly with the incident Ilaser as depicted in Fig. 3b–d. It is well-
known for plasmoemission (or photoemission) that the prob-
ability of a multi-plasmon process happening decreases signifi-
cantly as the order of the process increases. As such, the lower
(i.e., linear) emission order indicates that the previously observed
multi-plasmon absorption process is suppressed in the presence
of the PE beam. The change of slope between the three cases is

300 eV PE kSP

θd

IPE : 0 nA
        5 nA
        50 nA
        500 nA

0°

10°

20°

30°

40°
50°

60°
70°80°90°

0 5 10 15 20 25 30 35

J (pA)

Fig. 2 Angular distribution of total measured current, J, at a fixed
incident laser intensity, Ilaser= 25 GW cm−2. Measured angular
distribution at primary electron beam current, IPE= 0, 5, 50, and 500 nA.
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Ilaser. Power scaling dependence at primary electron beam current, IPE=
(a) 0 nA, (b) 5 nA, (c) 50 nA, and (d) 500 nA. The error bars represent the
SD of J.
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simply due to the increase in J as IPE increases. The linear
dependence and significant increase in J are indeed intriguing,
indicating that a different process is responsible for the electron
emission. It should be noted that electron beam induced image
charges in the Au film affecting the emission process and the ESP-
driven ponderomotive force forcing electrons into collisions with
the Au film do not manifest as a linear emission process (see
Supplementary Notes 2 and 3 for electron-tracking simulations).

Clearly, the source of such electrons must be internal to the Au
film. When an energetic PE inelastically collides with the outer
shell electrons of the Au atoms, it may transfer some of its energy
to these electrons, increasing their energy above the Fermi energy,
EF, to become internal SEs, which cannot gain energy from either
the ESP field or the PE-induced image charge field (1.8 × 10−3 V
nm−1) over the PE penetration depth of <0.5 nm. However, if the
PE beam transfers enough energy to the internal SE to overcome
the surface potential barrier at the Au-vacuum interface, they will
be ejected from the Au film to become external SEs (i.e., kinetic
energies < 50 eV40 and directed in a cosine distribution centered
perpendicular to the material41). A key SE characteristic, which is
important for the work presented here, is the SE yield, δ, or the
fact that for a single PE it is possible to generate multiple SE via
an avalanche process. For a 300 eV PE impinging on the Au film,
δ= 1.1438. Therefore, due to the 5° spread of the PE beam, a
portion of the PE beam will collide with the Au film, generating
SE that will subsequently interact with ESP. However, δ does not
vary with IPE and therefore does not account for the observed
linear emission process.

To shed light on the linear dependence, one must consider the
SE emission process in the presence of ESP. When the internal SE
are generated within the Au film, they will have a range of kinetic
energies, Ei, depending on the number and type of collisions they
undergo in the Au film. Using the treatment by Kaneko42 and the
Lindhard potential43,44, the internal SE kinetic energy spectrum
can be calculated, as depicted in Fig. 4 (see Supplementary Note 4
for detailed calculations). It is noteworthy that the kinetic energy
here is referenced to EF, as the electrons are still residing within
the material. Notably, 27% of the internal SE below the vacuum
energy level, Evac, (5.2 eV for the Au film) have energies within a
single plasmon energy (1.55 eV) of Evac, indicated by the shaded
region in Fig. 4. Therefore, these internal SE are freed by absorbing
a single SP quantum, as illustrated in the inset of Fig. 4. As this is a
single-plasmon emission process, J scales linearly with Ilaser and
thus dictates the observed linear power scaling in Fig. 3b–d.

Just as the single-plasmon absorption of internal SE affects δ, it
also modifies the kinetic energy spectrum of the detected
electrons by producing a large population of low-energy
(<1.55 eV) electrons that can be subsequently accelerated by
ESP. Figure 5 depicts the measured kinetic energy spectra at a
fixed Ilaser= 25 GW cm−2 and at IPE= 0, 5, 50, and 500 nA. As
expected, J is significantly increased when the PE are present.
Although, for IPE > 0 nA, the shape of the kinetic energy spectra
are quite similar, exhibiting a peak at 0 eV with a majority (i.e.,
~60%) of their electrons having energies below 10 eV and a
distinct hump around 20 eV. As the kinetic energy gained from
acceleration by the ESP field is dependent on the residency time of
the electron in the ESP field, the electron’s final kinetic energy is
highly dependent on the phase of ESP that they are born into. As
such, the higher number of low-energy, <10 eV, electrons is
ascribed to SE that have been freed from the Au film by single-
plasmon absorption but do not experience the full acceleration of
the ESP field. Remarkably, a portion of the SE is accelerated
to higher kinetic energies, up to 35 eV, similar to those at IPE=
0 nA. As the kinetic energy gain from ESP-driven acceleration is
independent of the number of SE being excited, the shape of the
kinetic energy spectrum does not change with IPE, i.e., only the
magnitude of J will vary with IPE.

Monte Carlo simulations show that although the cosine
angular distribution of the SE is slightly skewed along the
direction of the PE beam, there is no evidence of directed SE
beaming when the PE beam impinges on the Au surface at angles
between 0° and 90° (see Supplementary Note 5). Notably, at the
maximum |ESP| of the experiment (17 V nm−1), the SEs retain
their cosine angular distribution with no evidence of beaming (see
Supplementary Note 5). Furthermore, at this |ESP|, the ponder-
omotive force is not strong enough to deflect the 300 eV PE away
from the surface of the Au film (see Supplementary Fig. 3).
However, the external SE is a free electron that can interact with
the plasmonic field via the ponderomotive force and with the
incident 300 eV PE beam via electron–electron scattering.

PE–SE scattering in the presence of an ESP field can give rise to
preferential beaming of the electrons, which depends on |ESP|,
kSP, and, most importantly, the angle, α, between the PE beam
and the external SE. As the SEs are ejected as a cloud from the Au
film, the 300 eV PE beams will simultaneously pass through this
cloud of SE. With a 2 mm-diameter PE beam and low-energy SE,
the effective PE–SE interaction time is 2–20 ns. This low-energy
free electron–free electron scattering is a manifestation of Møller
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f(Ei − EF) is the normalized electron population at a given kinetic energy.
The kinetic energy presented here is referenced to the Fermi energy, EF. The
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nonrelativistic scattering, in accordance with Mott45, Klauber46,
and Williams et al.47. The key issue in the scattering process is the
indistinguishability (i.e., their charge and mass are identical) of
the two-electron system forming either a singlet or triplet state
having antisymmetric and symmetric spin wave functions under
interchange of the electrons, respectively. Accordingly, the spatial
wave functions must be even or odd functions of the relative
coordinates for the states of the two electrons, as this affects the
scattering laws and thus alters the scattering cross-section when
compared with Coulomb scattering. This scattering process is
important in low-energy UEM, as it can alter the momentum and
spatial distribution of the electrons leaving the sample.

The Møller nonrelativistic differential scattering cross-section
is given by47:

dσ θsð Þ
dΩ

¼ q2

meV
2
R

� �2 csc�4 θ0=2ð Þ þ sec�4 θ0=2ð Þ
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´ cos q2=�hV2
R

� �
log tan2 θ0=2ð Þð Þ� �

0
B@

1
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´
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1� tanψ sin θ0

ð1Þ

where q is the elementary electron charge, me is the electron mass,
ħ is reduced Planck’s constant, VR is the relative velocity of the SE
and PE, ψ= (180°− α)/2, and θ0 is the scattering angle in the
center of mass frame (related to θs (see Fig. 1) through tan θs=
(tan ψ− sin θ0)sec θ0). For 300 eV PE and SE having kinetic
energies up to 50 eV, dσ(θs)/dΩ is highest in the direction normal
to the Au film and drops off for decreasing θs (see Supplementary
Note 6). Notably, the minimum cross-section occurs at θs= 26°,
indicating that the Møller nonrelativistic scattering of SE from the
PE alone is not directly responsible for the observed 25°–30°
beaming in the measured angular distribution (Fig. 2). However,
there is a large cross-section in the direction parallel (θs= 0°) to
kSP and the PE beam propagation direction. As these scattered SE
are traveling almost perpendicular to the ponderomotive force
from ESP, they will be affected by the ESP more than any other SE.
As a result, these SEs are accelerated and beamed by the SP wave.

Discussion
To fully model the experimental results, electron-tracking simu-
lations were conducted (see Methods for a full description of the
model). The model reproduces the experimental angular dis-
tribution at an |ESP| of 17 V nm−1 (42 × peak electric field
enhancement). When SEs are generated in the presence of ESP,
the yield of external SE increases via single-plasmon absorption.
Subsequently, due to Møller nonrelativistic scattering between SE
and PE, those electrons that are scattered forward along the
direction of propagation of the PE beam and kSP spend more time
interacting with ESP and are deflected by the ponderomotive
force. As depicted in Fig. 6, this interaction process is able to
reproduce the experimentally observed 25° beaming and the
increased cosine-like background distribution of SE. The back-
ground cosine-like distribution is due to the single-plasmon
absorption that is responsible for the linear power scaling dis-
cussed earlier.

In summary, the experimental results presented here demon-
strate the significant influence of an ultrafast SP field on exter-
nally injected electrons, specifically SEs. Single-plasmon
absorption of internal SEs leads to a dramatic increase in the yield
of SE as well as a marked increase in the number of low-energy
electrons in the electron energy spectra. The SEs also undergo
Møller nonrelativistic scattering from the PE beam that, in the
presence of the high plasmonic field, gives rise to a distinct
beaming in the angular distribution of the SEs. These results
clearly indicate that SEs play a major role when studying low-

energy ultrafast surface electron dynamics in the presence of high
SP fields.

Methods
Experimental setup. The 45 nm-thick Au film used in these experiments is
deposited via magnetron sputtering on the hypotenuse side of a right-angle
ultraviolet-fused silica prism. This sample was then placed in a vacuum chamber
evacuated to 10−5 Torr for the duration of the experiment. Optical excitation of
SPs is achieved by coupling 50 fs, 800 nm central wavelength, laser pulses at a
1 KHz repetition rate from a Ti:Sapphire chirped pulse amplifier to the 45 nm Au
film via the Kretschmann geometry. The laser beam is collimated to a 4 mm beam
waist to ensure the largest plasmon–electron interaction region. The 300 eV con-
tinuous electron beam is provided by a VG Electronics Leg 32 electron gun. To
reduce charging, the Au film was grounded. The electrons are detected by a copper
Faraday cup with a 5° acceptance angle mounted on an angular translation stage
that is connected to a lock-in amplifier (Stanford Research SR830) taking its
reference from an optical chopper (Stanford Research SR540) placed in the laser
beam path. The use of a lock-in amplifier allows the detection of only those
electrons that have interacted with the SP or incident laser field. Electron kinetic
energy measurements are performed using a retarding potential analyzer.

Electron-tracking model. The electron-tracking simulation method is detailed
elsewhere48,49 with a detailed description in Supplementary Note 2. Briefly, to
model the interaction of primary and SEs with the electromagnetic fields of ESP,
electron-tracking code is implemented. The electromagnetic fields are calculated by
solving the vectorial Maxwell’s equations using the Yee-cell FDTD method50 with
Berenger perfectly matched layer boundary conditions51. Here, the SP fields are
calculated for a 45 nm Au film excited with a 50 fs, λ= 800 nm laser pulse. By
stepping in time through these fields, the electrons’ trajectories are tracked in space
and time via the nonrelativistic equation of motion dv/dt= q/me[E+ v × μH],
where q/me is the electron charge to mass ratio, E is the electric field, v is the
electron velocity, and H is the magnetic field. The 300 eV PEs are placed between 0
and 50 nm above the Au surface with a velocity directed parallel to kSP and released
at random times to simulate a continuous electron beam. The external SE are given
initial kinetic energy distribution f(Ee)= (Ee− EF−WF)/(Ee− EF)4, where Ee is the
SE kinetic energy in vacuum40 and is spatially directed in a cosine angular
distribution.

Data availability
The data that support the findings of this study are available from the corresponding
author upon reasonable request.
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