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Double electron emission from surfaces via low-energy positrons
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We have studied the electron pair emission process from surfaces due to the impact of a primary low-energy
positron. The existence of this process implies a two-step scattering event. We find that the electron pair intensity
is on the same scale as the positron-electron pair intensity. This suggests that a significant contribution of the
pair intensity is actually due to the emission of three particles, of which two are detected. We also observe a
strong material dependence of the coincidence intensity. Similarly to our previous studies with primary electron
excitation or photon absorption, NiO is the material that displays the highest coincidence rates. We also note that
the electron pair intensity scales with the single electron rate. This was also observed in electron pair emission
with primary photons or electrons. This suggests that the coincidence intensity may provide a measure of the

electron correlation strength.
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I. INTRODUCTION

The radiation of matter via photons or particles can lead
to the emission of electron pairs. This is a well-established
fact as evidenced by a large amount of experimental work
[1,2]. Whatever the details of the process leading to electron
emission are, the electron-electron interaction is a key ingre-
dient. In the case of the absorption of a single photon, this can
only lead to the emission of electron pairs if there is a finite
electron-electron interaction [3,4]. This double photoemission
process (DPE) was further theoretically investigated within a
model system in which the interaction strength U was varied.
It was found that the intensity scaled with the interaction
strength [5]. This stimulated experimental work. The results
of primary electron excited pair emission [referred to as the
(e, 2e) process] and DPE measurements on a variety of thin
films and surfaces demonstrated a clear material dependence
[6-8]. They also demonstrated an almost monotonic relation
between the singles and the coincidence rate. This suggested
that the intensity level can serve as a measure of the corre-
lation strength. In a subsequent investigation, we studied the
positron-electron pair emission upon positron impact, which
we termed (p, ep) [9,10]. In addition to the energy relations
of the positron-electron pair, we also discovered a similar
material-dependent coincidence intensity.

In this work, we want to explore the electron pair emis-
sion due to primary positron impact, which we call (p, 2¢)
in the following. A single binary collision of a primary
electron/positron can lead to the emission of an electron
or positron-electron pair. For a finite (p, 2e) intensity, one
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requires two subsequent collision events. In this case, it is
not obvious whether the aforementioned material dependence
is preserved. Interestingly, we observe a similar material
dependence. Also, the relation between the singles and the
coincidence rate is preserved.

This is a surprising result given the very different micro-
scopic effects leading to pair emission in the various coinci-
dence techniques. This lends more support to the suggestion
that the coincidence intensity is intimately related to the
electron correlation strength.

The sum energy spectrum reveals a significant contribution
in which two electrons are emitted from the valence band
without any further energy loss. We will bring this observation
into the context of secondary electron emission from surfaces.

II. EXPERIMENT

We utilized an ultrahigh-vacuum (UHV) chamber, which
allowed the characterization via Auger spectroscopy and low-
energy electron diffraction. For the deposition of metal and
oxide films, a number of electron beam evaporators were used.
The coincidence spectrometer, sketched in Fig. 1, has been
explained in more detail elsewhere [11,12].

The key components are a pair of hemispherical analyzers
with a 200 mm mean radius that we call “left” and “right,” re-
spectively. Depending on the polarity of the electron-optical
potentials, detection of either electrons or positrons can be
selected. Channel plates with resistive anodes allow us to
record the impact position.

‘We have developed a positron beam facility on the basis of
the radioactive decay of the ’Na isotope as presented in more
detail elsewhere [10].

The primary flux on the sample is 3 x 10* positrons per
second. The primary positron beam lies within the scattering
plane as defined by the lens axes of the two spectrometers. The
acceptance angle of the spectrometer lenses is =15° within the
scattering plane. For all experiments, the analyzers were set to
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FIG. 1. Two hemispherical analyzers are symmetrically aligned
with respect to the surface normal. For (p, ep) measurements, one
spectrometer is tuned to positron detection by reversing the polarity
applied to the relevant components. For (e, 2¢) and (p, 2e) studies,
both spectrometers have identical polarities. A primary positron
beam propagates along the surface normal. A primary electron beam
for (e, 2e) experiments has an angle of 45° with respect to the
scattering plane.

a pass energy of 300 eV. This results in a 27-eV-wide energy
window that can be covered in parallel by each spectrometer.

For each valid coincidence event, the arrival time (f.¢ and
figne) at the respective detector with respect to the coincidence
trigger is known. This allows us to compute the arrival time
histogram dt = fief; — tigne. The emergence of a peak is ev-
idence of “true” coincidences. This means a pair is emitted
due to the impact of a single particle.

Two primary particles can also lead to detectable (“ran-
dom”) coincidences. These unwanted events scale quadrat-
ically with the flux. Following standard procedures docu-
mented in the literature, we are able to remove the aggregate
effect of the “random” coincidences [12-14]. Hence we are
able to determine the “true” coincidence rate and energy
spectra.

The substrate was a single crystal Ag(100) surface that was
cleaned via Art sputtering and annealing. The preparation of
NiO films was done via Ni evaporation in an O, atmosphere
of 1077 mbar following well-documented recipes [15-20]. All
experiments were carried out at room temperature.

The low positron flux forced us to operate the spectrometer
with the largest entrance slit of 9 mm. In Fig. 2 we plot the
elastic peak for a primary electron and positron beam. While
the primary electron peak has a full width at half-maximum
(FWHM) of 3.1 eV, the positron beam has a value of 5.1 eV.
Both values are smaller than expected for a fully illuminated
entrance slit which is 6.75 eV. Obviously for both excitations
the effective slit size is smaller. The primary electron beam has
a spot size of 1 mm, while the positron beam is significantly
larger with 5 mm. Therefore, the effective slit size for the
positron beam is larger. Another factor is the different energy
spread of the two beams. The electron gun is equipped with
a BaO cathode, and we have determined a FWHM of 0.3 eV.
A common technique to establish a low-energy positron beam
is to use a moderator [21]. Suitable materials, e.g., W, reemit
low-energy positrons upon exposure of high-energy positrons
from a radioactive source. The resulting spread is about 1 eV.

oqf————l e L 1
(@)

electron beam

| dE=3.1eV

electron int (arb. units)

0.0 s—=———+—+——
(b)

positron beam

0.1

positron int (arb. units)

.0 "——rr—
35 40 45 50
Eyn (V)

FIG. 2. Elastic peaks for the primary electron (a) and the primary
positron beam (b) with energies 38.5 and 41 eV, respectively. These
spectra were obtained with the largest entrance slits (9 mm) of the
spectrometer and 300 eV pass energy.

This makes an additional contribution of the broadening.
More importantly, the positron peak does not show a high-
energy cutoff as the electron source, because positrons that
are not fully thermalized will be emitted, too.

III. KINEMATICS

We discuss the energy relations for scattering processes
relevant for our work and visualize those via energy level
diagrams; see Fig. 3. In an (e, 2e) process, a primary electron
with kinetic energy E, hits a surface and ejects a valence
electron with binding energy E ;. We adopt the notation that
this energy is measured with respect to the Fermi level Ep
and is a positive entity. The emitted electron pair is charac-
terized by the kinetic energies E|” and E; , respectively. The
superscripts indicate the polarity of the involved primary and
emitted particles, which in the case of an (e, 2¢) experiment
are all negative. We refer these energies to the vacuum level
of the sample, which is characterized by the electron work
function ¢. For the energy balance, we can write

E  +Ey=E +E; +¢=Eo+9. (1)

The energy sum of the emitted pair attains the largest value
E; — ¢ if the valence electron stems from Er. In analogy
to the (e, 2e) process, we write for the energy balance of the
(p, ep) process

Ef +Ey=E[ +Ef +¢=ELl+¢. @)
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FIG. 3. Energy level diagrams for the (e, 2¢), (p, ep), and (p, 2¢)
processes. The binding energy E,;, of the emitted electrons is mea-
sured from the Fermi level. We use the convention of positive values.
The electron work function is labeled with ¢. For (e, 2¢) and (p, ep)
a vacancy in the valence band is created. For (p, 2e) two vacancies
in the valence band exist.

Again, the energy sum of the emitted pair has an upper bound
thatis £, — ¢.

In Fig. 4(a), we sketch a sequence of two binary collisions
that leads to triple particle emission. A primary positron in-
teracts with a valence electron. This valence electron escapes
the surface while the scattered positron collides with a second
valence electron. This is followed by the emission of these
two particles. In total, two electrons and the positron leave the
sample. We want to term this process as (p, 2e p). Another
pathway is possible if the positron leaves the sample in the
first scattering event while the excited electron interacts with
a second electron; see Fig. 4(b). It is straightforward to extend
energy conservation to a (p,2e p) process, in which two
electrons, with binding energy E_,, and E_,, and a positron
are emitted:

Ef +Ey +Eg,=E[ +E; +Ef +2¢=El2P+2¢.

3

In contrast to the (e, 2¢) and (p, ep) processes, one has
to consider the work function twice. This means that the
maximum energy of the emitted triple is given by E; —2¢.
This quantity is well-defined for a triple coincidence setup,
but our setup does not possess this capability. Therefore, the
energy E; is not known. Hence, we do not expect a sharp

E,

FIG. 4. Schematic view of the two-step scattering mechanism
leading to the emission of an electron pair and a positron labeled
as the (p, 2e p) process. In (a) the positron sequentially scatters with
two electrons before leaving the sample. In (b) the positron excites
an electron, which in a second step collides with another electron and
all three particles leave the sample.

cutoff but a broadened region determined by the range of
values adopted by E5". The lowest-energy state of a positron
in metal is close to the vacuum level. If we set E5” = 0, then
we get EQ = E;r — 2¢, which we want to use as a reference
for (p, 2e) experiments.

IV. RESULTS

In Fig. 5, we present the 2D-energy distribution of electron
pairs emitted from a NiO surface excited with a 42 eV primary
positron beam. The solid diagonal line marks the position of
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FIG. 5. 2D-energy distributions for (p,2e) from a 15-ML
NiO/Ag(100) film. The primary positron energy was 42 eV. The
solid diagonal line marks the value of E

sum *
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FIG. 6. We display in black the (p,2e) coincidence intensity
per incoming primary positron as a function of the single electron
intensity. In red we show the result for the (p, ep) intensity.

ESix. Most of the intensity is found below Ej2* mainly within
a triangular shaped region near the lower left-hand corner.
There is an extended region (blue colors) that is above the
Eg line. This intensity is not due to “random” coincidences,
because we removed the aggregate affect of the “random”
intensity as explained above. In the Supplemental Material,
we will discuss the origin of the intensity above EJ [22].
Key aspects are the annihilation-induced Auger emission and
electron emission due to the slowing down of the positron
[23-33].

For the discussion of the material dependence, we integrate
over the whole 2D-energy window. This includes also the
intensity above the E* line, but this amounts to only a few
percent of the total intensity and can be ignored. In Fig. 6, we
show the total (p, 2¢) intensity as a function of the normalized
singles rate. This is the electron count rate divided by the
positron flux. We added to this plot our previously published
data on the (p, ep) intensity [10]. Obviously the (p, 2¢) and
(p, ep) intensities are very comparable. This is a bit of a
surprise since we assumed that a sequence of two binary
collisions caused the emission of an electron pair in (p, 2e).
In the (p, ep) process, only a single collision suffices to emit
a positron-electron pair.

From Fig. 6 we see an almost monotonic relation between
the singles and coincidence rate. Obviously the higher the
singles rate, the higher the coincidence rate. The material
with the highest rate in (p, ep) and (p, 2¢) is NiO. Such an
observation was also made in previous (e, 2e) and double
photoemission experiments [6—8].

We have related this to the strength of the electron-electron
interaction. NiO can be regarded as highly correlated be-
cause the description within the local density approximation
(LDA) makes the erroneous prediction that this material is
conducting. The experimental observation, however, is that it
is an insulator. Although the electron correlation is included
within the LDA, the description for NiO requires a more
sophisticated approach for treating the electron correlation.
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FIG. 7. We plot the (p, 2¢) Eqm spectrum from a Ag(100) sur-
face with E ;r = 42 eV. The two-particle binding energy scale allows
direct comparison with the 2e-DOS curves; see the text. The red
curve is the 2e-DOS of Ag. The black curve is a superposition of the
2e-DOS curve assuming a positron energy from 0 to 8 eV. The dashed
black curve is a convolution of the black curve with the experimental
resolution.

A framework for a single binary collision in (e, 2¢) and
(p, ep) from surfaces has been formulated, and numerical
results have been published [34—-38]. The operator describing
the transition is a screened Coulomb interaction between the
two electrons that are emitted in (e, 2¢). In the case of (p, ep),
the interaction is between the emitted positron-electron pair.
Using a screened Coulomb potential is an approximation
of the dielectric constant of the target material. Within this
entity, the electron-electron interaction of the target material
is incorporated. It is this feature that suggests that the intensity
is a measure of the electron correlation strength [6].

The stronger coincidence intensity for NiO within a (p, 2e)
process can be conceptually understood. As indicated by
Fig. 4, the first step is a (p, ep) process, and the second step
is either a (p, ep) or (e, 2e) scattering event. Each individual
step has a higher probability to occur for NiO compared to
the other materials. Therefore, we expect also that the (p, 2¢)
intensity is highest for NiO. This also supports the view that
the key contribution to the measured (p, 2¢) signal arises from
the two-step scattering picture, as sketched in Fig. 4.

In Fig. 7, we show the E,, spectrum for the (p, 2e) exper-
iment on a Ag(100) surface. The primary energy was E p* =
42 eV. In analogy to photoemission, we use a binding-energy
scale given by EZ¢ = EM — E.. This two-particle binding
energy is appropriate for comparison with the two-particle
density-of-states (2e-DOS) curves given by the red and black
traces, as we will explain below. It is apparent that the
intensity decreases monotonically and does not display sharp
features. The intensity above E2¢ = 0 has a contribution due
to primary positrons, which possess a higher kinetic energy
than the peak; see Fig. 2(b). In the Supplemental Material, we
discuss an additional pathway due to the annihilation of the
positron, which can lead to intensity above E3¢ = 0.

So far, the process that leads to the (p, 2e) intensity (as
sketched in Fig. 4) has not been theoretically discussed.
Therefore, we present an approximation in which the individ-
ual steps of (e, 2e) and (p, ep) are treated in the simplest pic-
ture. A consequence of the theory of (e, 2¢) and (p, 2e) is that

075139-4



DOUBLE ELECTRON EMISSION FROM SURFACES VIA ...

PHYSICAL REVIEW B 100, 075139 (2019)

the Eq,;, spectrum is largely determined by the kinematically
accessible density of states (DOS) [34-38]. Of course the
matrix element for a transition is not constant, but experiments
have shown that the DOS can be used to identify regions in the
Egm spectrum from Cu(111), Cu(100), and Ag(100) surfaces
[6,12,39]. With this in mind, we propose that the (p, 2¢) Eqm
spectrum should be compared with the self-convolution of the
density of states (2e-DOS) of the sample. This is equivalent
to the description of the Auger line shape if the transition
leads to two vacancies in the valence band. The 2e-DOS of
Ag has been included in Fig. 7 as a red curve. We recall that
the DOS of Ag can be described in simple terms as follows.
The 4d levels with a total occupancy of 10 electrons reside in a
binding-energy range from 3 to 7 eV. The strongly dispersing
5sp bands cover a binding-energy range from 8 eV up to Er.
Since there is only one 5sp electron, the DOS is dominated by
the contribution of the 4d bands. This explains the 2e-DOS
peak around 11 eV.

The 2e-DOS would be appropriate if the total kinetic
energy of the positron has been transferred to the emitted
valence electrons. If, on the other hand, the positron has a
finite kinetic energy, the 2e-DOS would have to be shifted to
the left by the positron kinetic energy. Since we are unable
to record triple coincidences, we have to make assumptions
about the positron kinetic energies.

Previously we have shown the positron energy spectrum
from a Ag(100) surface [10]. The low-energy part displayed a
peak at around 4 eV, while at 8 eV kinetic energy the intensity
has half of the peak intensity. The integrated positron intensity
from O to 8 eV amounts to about 60% of the total positron
intensity. Therefore, we make the simplifying assumption that
the positron energy covers a range from 0 to 8 eV with equal
probability. The black curve is the average of shifted 2e-DOS
curves using this positron energy width. We take into account
the spectral resolution, and we obtain the black dashed curve
by using a Gaussian of a FWHM of 7 eV. For presentation
purposes, all curves in Fig. 7 have been scaled such that they
touch the experimental data points.

Given the simplicity of our description, one cannot expect
very good agreement. Yet we learn from the existence of in-
tensity in the region E3° = 18-0 eV that two binary collisions
occur in which the electron pair possesses the energy lost by
the positron. Compared to the simulation, we observe a higher
intensity in the region above E3¢ = 10 eV. We associate this
with matrix element effects similar to those seen in (e, 2¢)
measurements on Ag and Cu surfaces [6,12,39]. Moving
toward E2¢ = 20 eV, the experimental intensity still increases
while the simulation suggests a decreasing intensity.

An obvious explanation is the excitation of more than
two electrons via additional scattering events. As a matter of
fact, the secondary electron due to primary particle impact
is thought to occur via many electron collisions leading to a
cascade. A large fraction of the secondary electrons emitted at
low energies exhibits a peak at around 2 eV kinetic energy.
Most of the experimental evidence is based on total yield
measurements [40]. Those give no information about the
energy relations among the emitted electrons.

In this sense, our measurements provide this relation. We
note a close similarity in the secondary emission spectrum
due to positron and electron impact, e.g., for Ag(100) [33].
Additionally, the primary energy dependence of the yield for
a Ag(100) surface is almost the same for positron and electron
excitation. Therefore, we can interpret our (p, 2¢) data as an
effective (e, 3e) experiment. This statement is based on the
fact that positrons and electrons are distinguishable particles.

V. SUMMARY

We have discussed the (p, 2¢) emission from solid sur-
faces. Despite the fact that this has to be a two-step process,
the (p, 2e) intensity is of the same magnitude as those from
the (p, ep) experiments. In line with our previous work on
double photoemission and (e, 2¢), we also found for the
(p, 2e) pathway a relation between singles and pair emission
rate. This is remarkable because of the large differences in the
microscopic origin leading to pair emission. Common to all
these processes is the need for a finite electron correlation, and
we take our results as additional confirmation that the intensity
scales with the correlation strength.

The sum energy spectrum reveals that a sizable contribu-
tion involves events in which the electron pair possesses the
kinetic energy lost by the positron.
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