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Triple electron emission from surfaces: Energy and angle relations

F. O. Schumann

* and J. Kirschner

Max-Planck-Institut fiir Mikrostrukturphysik, Weinberg 2, 06120 Halle, Germany

® (Received 16 September 2020; revised 19 November 2020; accepted 22 January 2021; published 1 February 2021)

We discuss a proof-of-principle experiment in which we detect triple electron emission from a surface due
to primary electron impact. The new aspect is the ability to record the energies and emission directions of
the ejected electrons. We selected NiO films as a target, which have shown in previous electron pair emission
studies to give an enhanced intensity compared to other materials. The triple sum energy spectrum displays a
shape consistent with a self-convolution of the electronic density of states. We define two different emission
geometries. While the energy distributions are essentially identical, the intensity levels differ by a factor of 2.
Imposing a geometrical constraint on one of the emitted triples shows that the available energy is equally shared
among the other two electrons. We discuss our findings within a simplified scattering model. We also present
angular distributions. Prominent intensity minima for electron emission in the same direction are not observed
in contrast to our previous electron pair emission studies.
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I. INTRODUCTION

If a surface is exposed to ionizing radiation (e.g., primary
electrons) electron emission will set in. The low-energy part
of the electron spectrum displays a prominent peak at around
2-3 eV kinetic energy. An essentially constant intensity level
is reached at approximately 40 eV. This part of the spectrum is
termed secondary electron emission (SEE).The average num-
ber of electrons emitted per incoming electron is known as
secondary electron yield 8. This entity depends on the mate-
rial, angle of incidence, and primary energy [1]. For metals,
the maximum value for § is in the range 1.1-1.5 which is
attained at primary energies of 300-600 eV [1].

The effect of SEE plays a vital role in a variety of fields.
Charged particle detectors like channeltron and multichannel
plates derive their functionality from secondary electrons. The
most common mode of a scanning electron microscope is to
detect secondary electrons. Low-energy electrons can disturb
particle accelerators, this is known as electron cloud effect [2].
The obtainable resolution in electron beam lithography has
an important contribution due to the generation of low-energy
electrons [3].

The underlying picture for SEE is a sequence of binary
collisions triggered by the first interaction of the incoming
electron with a valence electron. This continues until the
primary energy is dissipated. The resulting avalanche of elec-
trons may diffuse back to the surface [4-6]. This approach,
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implemented within Monte Carlo simulations, can reproduce
secondary yield and the low-energy part of the single electron
spectrum. These simulations incorporate phenomenological
aspects but not a microscopic description of the collision.

The first step in this process is a binary collision between
a primary and valence electron. The emission of these two
electrons is known as the (e,2e) process and can be de-
tected with coincidence spectroscopy [7-10]. This type of
spectroscopy can provide insights into the electron-electron
interaction beyond the independent particle picture. A sophis-
ticated quantum mechanical treatment has been developed
which adequately describes the emission energies and angles
of the pair [11-14].

There exists an approach which allows us to determine
the number n of emitted electrons per incoming particle, e.g.,
photons, ions, electrons, and « particles [15-21]. As far as pri-
mary electron excitation is concerned, only very few studies
are known [16,17,19]. These works demonstrate the emission
of more than ten electrons for sufficiently high primary en-
ergies [17]. As the primary energy is reduced to 60 eV, the
highest detected value of n is three. These studies do not
provide information about the individual energy distribution.

The underlying mechanism of many-electron emission is
intimately related to the electron-electron interaction. The
power of electron pair emission due to primary electron exci-
tation or photon absorption is access to a fundamental concept
of solid-state theory, namely, the exchange-correlation hole
[22,23]. It manifests itself in angular distributions with
distinctive minima for equal emission directions [24-30].
Likewise, energy distributions revealed the effects of the elec-
tron correlation. In this context, the question arises whether
additional information on the electron-electron interaction via
triple electron emission is possible. For this pathway, there are
currently no theoretical predictions available.

It is obvious that the investigation of triple electron emis-
sion is also highly desirable to gain a better understanding
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FIG. 1. The time-of-flight spectrometer consists of four channel-
plate detectors with delay line anodes. The individual detectors are
labeled LL, LC, RC, and RR. The excitation source is a pulsed
electron gun. A triple coincidence circuit ensures the identification
of an emitted electron triple.

of the mechanism of the emission for low-energy electrons
important for a variety of fields.

While in the gas phase these experiments have been re-
ported, this is not the case for solid surfaces [31]. In this paper,
we prove that the (e,3e) process from a solid surface exists and
is sufficiently intense to allow a spectroscopic investigation
in which the electron energies and emission directions of the
electrons are recorded. Due to the expected low count rates,
we have chosen a NiO surface as a target which possesses
the highest pair intensity in a variety of studies by means
of electron, photon, and positron excitation [32-36]. In the
present study, the sum energy spectrum displays a triangular
shape reminiscent of a self-convolution of the density of states
(DOS). The sum energy spectrum does change the shape if the
primary energy is varied. If the energy sum of two electrons
is fixed, the available energy is almost equally shared. The
emission geometry can be classified into two groups, depend-
ing on which detectors the electrons are registered to. While
the energy spectra are almost identical, the intensity levels
are different. An analysis of the angular distributions reveals
nonuniform intensities but does not display prominent inten-
sity maxima when electrons are emitted in the same direction,
in contrast to the behavior in electron pair emission.

II. EXPERIMENT

We employed a time-of-flight spectrometer similar to
the one described elsewhere [27]. This instrument is part
of an ultrahigh vacuum chamber which is equipped with
standard surface science tools like Auger spectroscopy and
low-electron energy diffraction. The spectrometer consists of
four channel-plate detectors equipped with delay line anodes,
see Fig. 1. The solid angle €2 each detector covers amounts to
5.6% in units of 2. This arrangement covers an angular range
of £80° within the scattering plane. Perpendicular to this
direction emission angles within £19° can be recorded. We
employ standard coincidence electronics which triggers once
a triple emission event occurs. All relevant detector signals
are recorded by means of fast digitizers [37,38]. The electron
gun is actually a spin-polarized electron source following
established procedures. It is based on the observation that a

E,

3

FIG. 2. Sketch of the two-step scattering mechanism leading to
the emission of three electrons. We call this process (e,3e).

GaAs surface emits spin-polarized electrons upon absorption
of circular polarized light [39]. We employ a pulsed light
source with a wave length of 800 nm which gives the required
pulsed electron beam. This attachment is similar to previous
reports [10,38,40,41].

Each triple coincidence event is characterized by nine pa-
rameters and saved in a list. For each electron, we record the
time of flight and the two coordinates of the impact position on
the respective detector. This allows us to compute the kinetic
energies and the emission angles for three electrons. This
setup did not possess the ability to record events in which two
or three electrons hit a single detector.

The Ir(111) surface was cleaned in a O, atmosphere fol-
lowed by a high-temperature flash following a recipe recently
published [42,43]. The evaporation of Ni in an O, atmosphere
leads to the formation of NiO films. The quality of the sample
can be assessed by the (e,2e) intensity which displayed the
previously discovered enhanced intensity compared to metal
surfaces [32,33,35].

III. KINEMATICS

We want to start our discussion with the energy relations
for scattering processes relevant for our work. In an (e,2e)
process, a primary electron with kinetic energy E, hits a
surface and ejects a valence electron with binding energy E,;.
The emitted electron pair is characterized by the kinetic ener-
gies E; and E,, respectively. In the following, we refer these
energies to the vacuum level of sample, which is characterized
by the electron work function ¢. For the energy balance, we
can write

Ep+Ep =Ei + Ey+ ¢ = Egi + ¢. M

sum

The energy sum of the emitted pair attains the largest value
E, — ¢, if the valence electron stems from the Fermi level.

In Fig. 2, we sketch a sequence of two binary collisions
which leads to triple particle emission. A primary electron in-
teracts with a valence electron. This valence electron escapes
the surface while the scattered electron collides with a second
valence electron. This is followed by the emission of these
two particles. In total, three electrons leave the sample. We
want to term this process (e,3e). Our experiment is performed
in a reflection geometry, which is only possible because of
the crystal momentum. In other words, a momentum reversal
is facilitated by electron diffraction. It is straightforward to
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extend energy conservation to an (e,3e) process in which two
valence electrons, with binding energy E,;; and E,;, and the
scattered primary are emitted:

Ep+ Eyp 4 Eypp = E1 + Ey + E3 +2¢ = ESX +2¢. (2)

Since two valence electrons leave the sample, the work func-
tion has to be accounted twice. The largest possible value for
triple energy sum ES¥ is obtained if two electrons from E are

ejected. This term we identify with EJ3 = E, — 2¢. From
the single electron band structure, it follows that the energet-
ically possible states are given in the simplest approximation
by the self-convolution of the DOS, called 2e-DOS in the
following. This is identical to double photoemission. If the
DOS is approximated by a constant value, the 2e-DOS is of
triangular shape. This is what we have observed in a variety of
Double Photoemission (DPE) studies [44—49]. In particular,
the DPE intensity as a function of the sum energy approaches
the high-energy cut off in a linear fashion. While the process
of (e,2e) from surfaces is well-established in theory [11-14],
this is not the case for (e,3e) in contrast to the atomic targets
[50]. Conceptually, the framework for a single binary colli-
sion can be extended to two binary collisions. However, the
computational effort is extensive and we are not aware of any
calculations related to surfaces. Therefore, we want to discuss
our data with the outcome of a simple scattering model which
incorporates two sequential binary collisions as sketched in
Fig. 2. The valence band of the target is characterized by
a constant DOS. Every choice of the binding energy E,;
defines the sum energy E|+E, of the scattering event. One
of the scattered electrons serves as the primary for the second
binary collision for which a binding energy E,;, is selected.
For each combination of the electron energies and binding
energies, we assume a constant matrix element. We consider
all possible combinations for the two valence states, which
means the two-particle DOS has a triangular shape. All energy
combinations which fulfill the energy conservation for both
binary collisions via Eq. (1) are considered. Consequently, the
energy conservation for (e,3e) via Eq. (2) is obeyed, too. We
also assume that all emission directions are equally probable,
hence there is no angular correlation within this model.

We do not expect that the model captures all features of the
experiment, but will use it as a guide in the high-dimensional
data set. The model provides the probability for triple electron
emission, which we compare with the experimental intensity
given in counts. We will employ the model for the triple
emission from NiO. We have previously reported on the (e,2e)
process from these films [32]. In that work, we compared
the Egy spectrum with the calculated DOS. While the DOS
curve displays sharp features due to rather flat bands, the
experimental curve is rather smooth. If we take the theoretical
DOS data and perform a self-convolution, the result is close
to a triangular shape representative of a self-convolution of a
constant DOS with bandwidth 7 eV.

Conceptually, one may consider the (e,3e) process to pro-
ceed in a single step. Such a scenario is discussed within
the (e,3e) theory for atoms [50]. Currently, there is no work
applicable to surfaces which discusses the energy and angu-
lar relations for this scenario. Further, we do not know how
the one-step contribution scales compared to the two-step
pathway.

From a fundamental point of view, the use of terms like
single-step and two-step process is a simplification. We would
like to illustrate this by referring to a time-dependent calcu-
lation of the two-photon double ionization of the He atom
[51]. In that work, the absorption of 70 eV photons within
a short light pulse is discussed and the energy distribution of
the two emitted electrons calculated. For a time width of 750
atto second (as), the energy spectra resemble the result which
is expected for a sequential absorption of the photons. For a
duration of 150 as, the result can not be viewed as a two-step
process.

We attempt to estimate relevant timescales if we invoke
the picture of subsequent binary collisions, see Fig. 2. We
select the kinetic energy of the primary electron, triggering
the second collision to be 10 eV. In the vacuum, this gives a
velocity of 1.9 nm/fs. The distance from the first and second
scattering points may be approximated by the inelastic mean-
free path. From thickness-dependent (e,2e) measurements on
NiO films, we know that at around 4 ML =~ 0.8 nm the (e,2¢)
signal has saturated [33]. Taking this as an upper bound for
the distance between the two sequential scattering locations,
we obtain from the velocity and the distance a time of 0.4
fs. This estimate suggests that we are in a regime where the
notion of a two-step process could be flawed.

This has to be kept in mind when we compare our experi-
mental (e,3e) data with results of our two-step model or try to
recognize features of (e,2e).

In our picture of sequential collisions, we do not account
for processes in which the electron triggering the second colli-
sion has lost energy. Such a process should also occur in (e,2e)
experiments. From our (e,2e) experience, in particular for NiO
films, the main contribution of the signal can be explained
via transitions from the valence band without invoking loss
processes [32,33]. Consequently, we do not expect this to be
a major effect.

IV. EXPERIMENTAL CHALLENGE

It is straightforward to modify a pair emission experiment
to record three electrons in coincidence. In a (e,2e) exper-
iment, the signal of two detectors are fed into a two-way
coincidence circuit. In the case of the instrument shown in
Fig. 1, there exist six combinations to connect two detectors
for pair detection. For a triple coincidence, the signals of
three detectors are fed into a three-way logic; there exist
four combinations with four detectors. After this change, the
spectrometer is ready to perform a (e,3e) experiment. Never-
theless, there will be a dramatic loss in count rate which we
want to estimate.

Let us assume that the yield of double and triple emission
is given by y, and ys, respectively. These values are to be un-
derstood to capture all electron energies and emission angles.
The detectors cover a solid angle €2; with a given flux F we
obtain for the pair and triple intensities I, and /I5:

L = 6y,Q°F, I3 = 4y;Q°F. 3)

The prefactors reflect the number of detector combinations
for double and triple coincidences with the current setup.
The secondary electron yield with a primary electron beam
of 30 eV energy is about 0.3 [1]. It is well-established that
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FIG. 3. Single electron spectrum from a NiO film. The primary
energy is E, = 32 eV. This spectrum is the sum of spectra from the
individual detectors.

the statistics of the emitted electrons does deviate from the
Poisson statistics [17—19,21]. Nevertheless, we want to use
it for an order of magnitude estimate. Assuming a Poisson
statistics, we identify y, = P»(0.3) = 3.3 x 1072 and y3 =
P3(0.3) = 3.3 x 1073, Together with the solid angle for a
single detector = 5.6 x 10~!, we finally deduce the inten-
sity ratio triple to double coincidences as 3 x 1073, Clearly,
the triple coincidence experiment is more challenging than
the already difficult double-electron coincidence experiment.
As it is known for those type of experiments, the primary
flux cannot be increased to compensate for the low emission
probability because the probability of two primary electrons
hitting the sample increases quadratically with the primary
flux. This so-called random contribution quickly overwhelms
the genuine signal (true coincidences) which scales linearly
with the primary flux.

We have observed electron pair emission from a large vari-
ety of materials and we should expect triple electron emission
to be detected for any of those materials as long as the primary
energy is sufficient to release two electrons from the sample.
Clearly, the material which provides a high triple rate should
be the subject of a study. This knowledge was not at hand,
but the use of a NiO film was strongly suggested. We have
observed that in (e,2e) and DPE experiments, NiO exhibited
a count rate almost an order of magnitude larger than from
metals like Ag and Cu [32,33,35]. This intensity enhancement
was also detected in positron-electron pair emission [34,52]
and, more importantly, in electron pair emission due to pri-
mary positron impact [36]. The existence of this process can
be explained by a sequence of two binary collisions similar to
the one shown in Fig. 2. On the basis of this experience, we
investigated NiO films.

V. ENERGY SPECTRA

In Fig. 3, we show the singles spectrum recorded by adding
the intensity from all four detectors. The primary energy was
set to 32 eV and the FWHM of the elastic peak is approx-
imately 0.5 eV which amounts to a total time resolution of

0.35 ns. The singles spectrum reveals the expected behavior,
namely, a strong elastic peak and a gradual increase of the in-
tensity toward lower energies. The maximum at low energies
is at 5 eV while the low-energy cutoff is at 3 eV. There are
two reasons why the cutoff is not at 0 eV kinetic energy. First,
there is a negative bias voltage of 1 V applied to retarding
grids in front of the detectors. Second, the vacuum level of the
NiO film is below that of the spectrometer. We assume a value
of 2 eV on the basis of the band gap of NiO which is 4 eV.
The low energy cutoff has as a consequence that the lowest
detectable energy sum of an electron triple has to be above
9eV.

In Fig. 4, we present the sum energy spectra of triple
electron emission. Figures 4(a) and 4(b) are the results ob-
tained with a primary energy of E, = 29 eV. In Fig. 4(c), we
show the data for £,=32 eV. The vertical dashed line in each
panel marks the position of EJ2X. The intensity beyond this
value has its origin in random coincidences. The highest sum
energy in these plots is set to 26 eV, but there is intensity well
above this value because of the participation of at least two
primary electrons. The coincidence count rate over the full
spectrum for the experiment in Fig. 4(a) was 0.6 cps, which is
reduced to 0.14 cps if we confine the spectral range from the
cutoff up to Eg 2. The intensity maximum is at Eqm=17 eV
and drops only by a small amount upon approaching EJ%x.
Clearly, the contribution of random events plays a dominant
role. In Fig. 4(b), we show the sum energy spectrum obtained
with a reduced flux such that the triple rate is 0.12 cps over
the full spectrum, which reduces to 0.04 cps if we consider the
events up to EJ%. It is apparent that the intensity maximum
at 17 eV is more pronounced compared to the intensity above
EXex. This makes the onset for true events clearly visible and
we can see that the intensity approaches the EJ2* line in a
linear fashion as we would expect by the self-convolution of
the DOS.

We also learn from Figs. 4(a) and 4(b) that the spectral
feature of random events is almost featureless and can be ap-
proximated by a constant level and an almost linear decrease
to zero intensity at the low-energy range. We made no attempt
of removing the random coincidences. The data of Fig. 4(c)
reveal that the cutoff position is 3 eV higher than in Figs. 4(a)
and 4(b), reflecting the increase in E,. Consequently, the spec-
tral width of triple emission is wider. The total coincidence
rate is 0.18 cps which amounts to 0.07 cps for the spectral
region covering true events.

In our view, the triangular shape of the sum energy spec-
trum is an important result. It shows first that the picture of
a constant matrix element together with a constant DOS is a
viable approximation. Second, it suggests that a large frac-
tion of the detected intensity originates from genuine (e,3e)
events and not from (e,4e) events which would also trigger
the coincidence logic. The energy balance for a (e,4e) process
is a straightforward extension of Eq. (2). The key difference
is that the work function ¢ enters three times. The immediate
consequence is a reduced value for the maximum sum energy
Eg = E, — 3¢. In other words, it is shifted by the work
function toward lower energies compared to the value for
(e,3e).

Our coincidence setup will also trigger if a (e,4e) process
has taken place, however, only three electrons are recorded.
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FIG. 4. Triple sum energy spectra obtained with £, = 29 eV in
panels (a) and (b). In (c), E, was set to 32 eV. The vertical dashed
line marks the position of EX*
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The minimum energy of this (undetected) fourth electron is
0 eV, only in this case the measured maximum sum energy can
adopt the value for (e,4e). On average, the undetected fourth
electron will have a finite kinetic energy and we may use a
quarter of the E% value for (e,4e). For E, =32 eV and ¢ =
4.5 eV, we obtain 4.63 eV. If we add to this the value of ¢,
the spectral weight of (e,4e) is expected to be shifted by about
9 eV below Ej%*=23 eV in Fig. 4(b). This is already below
the maximum of the Eg,,, spectrum. The important conclusion
is then that the linear decreasing part toward the (e,3e) cutoff

has no contribution from (e,4e).

E; (eV)
4 6 8§ 10 12 14 16
I

20

] @
18

] 100

16 %0
514—: 60
T 124 40
= 20

10

8 -

] ST
20_..I............I...I...I.\|_
18 g
16 .

T 147 =3
S 4t
t 127

E ] 2

10

] 0

8-

4 6 8 10 12 14 16
E; (eV)

FIG. 5. 2D energy distribution of the triple intensity. The y axis
is the energy sum of two electrons while the x axis is the energy of
the third electron. The dashed red line marks the energetic position
of EX*. In panel (a), we present the data used in Fig. 4(c). Panel
(b) is the result from our scattering model by assuming a 7-eV-wide
valence band. The intensity in (a) are the accumulated counts, while
in (b) it is the probability for triple emission within our model.

Any additional excitation would reduce the energy sum of
the triple and would hence change the linear decrease near
the cutoff at EJX. In this way, we may state that we have a
large fraction of elastic (e,3e) intensity. This is rather different
from the usual picture of SEE which assumes a cascade of
binary collisions. The linear decreasing part toward EJo¢ has
a width of about 7 eV comparable with the bandwidth of the
NiO valence band. This is not the case for the E, =29 eV
data, because the detectable spectral range is smaller.

In electron pair emission, it is customary to present the
intensity in a 2D plot where the axes represent the energy
of the respective electrons. The equivalent of this in (e,3e)
would be a 3D plot, however, given the low intensity such
a presentation is not feasible. We have resorted to use a 2D
energy distribution in which the y axis measures the energy
sum of two electrons, while the x axis refers to the energy of
the third electron of the triple, see Fig. 5. Figure 5(a) presents

the experimental result with E, = 32 eV. The energies E,
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and E, are chosen such that two electrons hit neighboring
detectors and one of them is recorded either on LL or RR. The
energy Ej3 is then the energy of the third electron constituting
the triple. Different choices on selecting E; and E, hardly
affect the spectrum.

Figure 5(b) is the outcome of our scattering model which
also includes a low-energy cutoff at 3 eV. In both panels, we
have added a dashed diagonal line in red which marks the
position of EXN2*. In the model, no random coincidences exist

sum *

hence there is no intensity above EJ2*. In the experimental
data, the maximum intensity occurs in a narrow band parallel
to the y axis. It is characterized by an energy E3 of the third
electron of 4 eV, while the energy sum of the other two elec-
trons is in a range from 9-14 eV. We notice that the intensity
level in the lower right-hand corner is much lower than those
in the upper left-hand corner.

Let us compare this with the result of the model. By
construction, the triple sum energy spectrum is of triangular
shape; this means qualitatively we get the result of Fig. 4(c).
Although the model was constructed to resemble the exper-
imental triple-sum energy spectrum, the 2D energy spectra
are decisively different. The peak intensity follows a ridge
parallel to the EZ%Y line with a distance of 7 eV. This is the
peak position of the self-convoluted DOS if the bandwidth is
7 eV. Within the ridge, the intensity becomes smaller when
progressing from the right to the left. This means the reduced
intensity levels at the lower right-hand corner are reproduced.

The single-step nature of the (e,2e) process can be iden-
tified via the emergence of a diagonal intensity band in a
2D energy plot with the energy axis referring to the individ-
ual energies E| and E, [32,37,53-56]. Intensity bands either
parallel to the x or y axis have been seen in the 2D energy
distributions from a two-step Auger-photo electron processes
[45,46,56,57]. The one-step Auger decay was identified by a
diagonal intensity feature [54]. It is tempting to identify the in-
tensity band parallel to the y axis in Fig. 5(a) as evidence of the
two-step nature of the (e,3e) process. However, this suggestion
is neither correct nor wrong, because the diagonal intensity
ridge in Fig. 5(b) is not indicative of a one-step process in
(e,3e). We recall the model assumes two sequential scattering
(e,2e) processes for triple electron emission, see Fig. 2. This
raises the fundamental question how it is possible to separate
between one- and two-step processes from an experimental
point of view. The differences between the model and the
experimental data clearly show that there must be additional
constraints not captured by our model. In the last section, we
explicitly show an angular relation different from the isotropic
emission of the model.

VI. ENERGY SPECTRA UNDER
GEOMETRICAL CONSTRAINT

In a next step, we want to explore how the energy spectra
are affected if we impose some geometrical constraint. There
exist in total four different combinations to record a triple
event with four detectors. For example, two electrons hit de-
tectors LL and RR, while the third electron is observed either
at detector LC or RC, see Fig. 1. In this emission geometry,
termed (a), the inoperative detector separates two of the active
detectors. The other set of combinations utilizes detectors LC

int. (counts)
[
n
S
—]
|

1000
500
04—
0 5 10 15
E; (eV)

FIG. 6. Triple intensity as a function of the energy of the third
electron for the emission geometries depicted in the inset. The blue
(black) data points originate from events in which two of the elec-
trons hit on detector RR and LL (LC and RC), while the third electron
hits either detector LC or RC (LL or RR). The intensity for the blue
data points have been multiplied by a factor 2. The red curve is the
result of our simulation.

and RC for two electrons, while the third hits either on LL
or RR. In these two cases, the three electrons are recorded on
neighboring detectors. We will refer to this as geometry (b).
An example for each of the geometries is given by the inset of
Fig. 6.

The question arises how the two emission geometries affect
the intensity and energy distributions. As far as the first point
is concerned, we proceed as follows. For geometry (a), we ask
for the intensity for all electrons hitting the outside detectors
LL and RR while the third electron is recorded either on LC
and RC. For the third electron, we constrain the energy within
an interval of 0.5 eV. Equivalently, we do the same for geom-
etry (b) if we integrate over all events in which electrons are
recorded on LC and RC while the third electron hits detector
LL or RR. The resulting curves are presented in Fig. 6. The
data points for geometry (a) have been multiplied by a factor
of 2. This results in almost perfect agreement between these
curves. It was a priori not expected that both geometries yield
the same spectrum. Likewise, the value of the scaling factor
cannot be easily explained. Clearly, for all values of the energy
Es, geometry (b) provides a higher intensity than geometry
(a). The intensity is highest if E3 is set to 4 eV, which is
also the maximum of the single electron spectrum of Fig. 3.
There is no angular dependence within our simulation, which
means there is no intensity difference between the emission
geometries (a) and (b), yet it is instructive to add the result
of the model as a red curve to Fig. 6. We scaled this curve
such that the maxima of model and data are the same. It turns
out that the model provides a fair description of the spectral
shape. One difference is a lower energy position of the peak
for the model compared to the experiment. Additionally, the
model intensity decreases less rapidly toward higher energies.

An additional question concerns how the available energy
is shared among two electrons if the energy Ej is fixed. This
is answered by Fig. 7, where we present the 2D energy dis-

075103-6



TRIPLE ELECTRON EMISSION FROM SURFACES: ...

PHYSICAL REVIEW B 103, 075103 (2021)

E, (eV)
4 6 8 10 12 14

14—: ! 25
12 20
] 15
L i
- ] 10
= 8-

] 5

6]
4 -
14 50
12 40

] 30

= 1 20
=2 8-

] 10
6-

4 -

] ...|...|...|......|.:_
14 © 1o 3
12 6

h e

S 107 43,

e/ i -

= 8 2
6] 0
4 -

4 6 8 10 12 14
E; (eV)

FIG. 7. 2D energy distribution for two electrons under the con-
straint 3.4 eV < E3 < 6.4 eV. Panels (a) and (b) refer to the
geometries introduced in the inset of Fig. 6. Panel (c) displays the
result of the model. The red dashed diagonal line marks the energetic
position E;°X — E3. The intensity levels in (a) and (b) refer to the

number of counts. For panel (c), we use the probability within our
model.

tribution for geometries (a) and (b) together with the result of
our model. We constrain E3 to be in the interval 3.4-6.4 eV,
which means we select the peak intensity of the curves plotted
in Fig. 6. The maximum energy of the pair is given by the
EiX-E5 and the line representing this energy has been added
as a dashed red diagonal line in both panels. The intensity in

Figs. 6(a) and 6(b) refers to the number of counts. Figure 6(c)

depicts the probability of triple emission within our model
in which the low-energy cutoff is implemented. There is no
obvious difference between these two experimental distribu-
tions other than the intensity level, which for (b) is larger
as evidenced by the color coding. This intensity relation was
already discussed in the context of Fig. 6.

The intensity maximum is found near the lower left-hand
corner. Upon approaching the energy threshold, given by the
diagonal line, the intensity decreases monotonically. Addi-
tionally, for a given sum energy, which is a line parallel to
the threshold line, the intensity is essentially constant. This
means there is no preference of one electron being fast while
the other is slow. Likewise, there is no preference of equal en-
ergies. The simulation presented in Fig. 7(c) displays constant
energy sharing by construction. The intensity maximum is
along a diagonal rim which is a consequence of the triangular
2e-DOS underlying the model. As in the previous compar-
isons between experiment and model, there is a consistent
deviation.

According to the cartoon of Fig. 2, two of the emitted
electrons originate from the same binary collision. Rephrased,
this is a (e,2e) process similar to our previous studies. The
key difference is that there is not a fixed primary energy
and no fixed excitation direction, for example, equivalent to
normal incidence. Confining the energy Ej effectively selects
the primary energy but not the propagation direction. Exper-
imentally, we cannot separate this pathway from those where
the two electrons originate from different binary collisions.
A coincidence event consists of three electrons, hence there
are three combinations to select a pair. Only one combination
captures the pair from the second collision while two com-
binations relate to electrons from different collisions. Hence,
the intensity of the (e,2e) process of the second collision is
superimposed by the intensity from different collisions, which
we expect to be twice as high as the intrinsic (e,2e) intensity.

On the basis of our (e,2e) experience, we would have to
expect differences in the energy distributions for geometries
(a) and (b) [24,27,41,55]. If an electron pair would be detected
as in case (b), then the emission angles between the two
electrons are small and there is a tendency for a suppression of
events for equal energy electrons. Furthermore, the intensity
would be strongly reduced compared to detection on widely
separated (in angular space) detectors as in (a). This feature is
related to the sensitivity of (e,2e) to the exchange-correlation
hole.

With this in mind, our experimental observation of a higher
intensity of geometry (b) compared to (a) and an equal energy
sharing is surprising and cannot be easily explained.

If we increase the value of Ej it has the consequence that
the energetically accessible window for E; and E, becomes
smaller because the red diagonal line marking EN3*-E5 will
move toward the lower left corner in a 2D energy distribution.
The main intensity is still found in the lower left-hand corner
and an equal energy sharing is present.

If one wants to explain the (e,3e) results with our (e,2e)
experience, one implies that the microscopic pathway can be
decomposed into two sequential binary collisions, see Fig. 2.
It is an appealing approach but it is in no way proven that
this picture is applicable. Therefore, the lack of any (e,2e)
signatures in the (e,3e) data may be a hint that this picture
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FIG. 8. Example of the angular emission analysis. We select the
emission direction of the fixed electron which in the example is
the complete detector LL. The free electrons arrive at detectors LC
and RR, respectively. The emission angle with respect to the central
emission of the fixed electron is given by the red arcs. The blue arc
is a measure of angular separation of the free electrons.

is not correct. Another complication which may make the
observation of (e,2e) features difficult comes from the fact
that the primary electron for the second collision adopts many
energies and angles.

VII. ANGULAR RELATIONS

Having commented on an angular effect in terms of the
different intensity levels for the emission geometries (a) and
(b), see Fig. 6, it is appropriate to directly investigate the angu-
lar distributions. In electron pair emission [DPE and (e,2e)],
it was predicted by theory that if the emission direction of
one electron is fixed, it is surrounded by a reduced probability
to detect the counterpart [22,23]. This feature is intimately
related to the exchange-correlation hole. This prediction was
verified in a variety of pair emission studies via electron and
photon excitation and the angular width of this depletion zone
is about 60° [24-30].

We want to pursue an equivalent analysis for (e,3e) which
we explain in Fig. 8. In this example, we nominate detector LL
for the fixed electron regardless of electron energy and emis-
sion direction. This amounts to an angular integration of +15°
around the central direction. One choice of free electrons are
those which impact detectors LC and RR, respectively. For
those electrons, we employ an angular window of 2°. The
emission directions of these two free electrons is measured
with respect to the central direction of the fixed electron as
indicated by the pair of red arcs. The blue arc is a measure
of the angle between the two free electrons. The benefit of
nominating LL as the direction for the fixed electron is that
this maximizes the angular distance to the free electrons. Each
choice for the detectors of the free and fixed electrons has a
symmetric counterpart and we add the data into a single plot.

In Fig. 9, we plot the 2D angular distribution if the fixed
electron impacts on LL. Additional constraints on the electron
energies are not possible because of the limited number of
counts. Hence, we integrate over all electron energies. For
both panels, one of the free electrons is recorded on LC while
the other is on RR in Fig. 9(a) or RC in Fig. 9(b). The labeling
of the panels follows our definition of the emission geometries
(a) and (b) introduced earlier, see inset of Fig. 6.
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FIG. 9. Angular distribution of the triple intensity in which the
fixed electrons is recorded on detector LL. Panels (a) and (b) refer to
the geometries (a) and (b) introduced in the inset of Fig. 6. The black
diagonal lines define the angle differences of Agg_rc and Agc_rc.
These values refer to the blue arc related to the free electrons, see
Fig. 8.
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We have added to both panels diagonal lines which indicate
a constant angular difference between the pair of free elec-
trons, this angle represents the blue arc in Fig. 8. From the
color coding for both plots, we notice a higher intensity level
in Fig. 8(b) compared to Fig. 8(a). This is, of course, a result
shown before, see Fig. 6. It turns out that the pocket of highest
intensity is in Fig. 8(b) for Apc_pp=45° and Agrc.pL= 85°,
respectively. This means the electrons prefer to have an angle
of 40-45° to the neighboring electron. The high intensity rim
along the right y axis can be traced back to an enhanced
intensity on the edge of detector LC and constitutes an artifact.
The lowest intensity in Fig. 9(b) is found in the upper left-hand
corner. This means the two free electrons have an angle of
about 65° while the angle to the fixed electron is either 30° or
95°, respectively.

From our experience in (e,2e) and DPE, there is profound
reduction of intensity if the emission angles are similar. This
zone of reduced intensity is left behind once the emission
angles are separated by more than 60°. With this knowledge

075103-8



TRIPLE ELECTRON EMISSION FROM SURFACES: ...

PHYSICAL REVIEW B 103, 075103 (2021)

at hand, we would expect a minimum at the lower right-hand
corner of Fig. 9(b). In this region, the angles between the free
electrons is smaller than 30°. Likewise, we would expect a
minimum near the lower left-hand corner of Fig. 9(b) because
there the angle Arcpp to the fixed electron is around 30—
35° while angles between the free electrons is 45° or lower.
For these two instances, the experimental data do not follow
the expectations from electron pair emission. The intensity
minimum in the upper left-hand corner of Fig. 9(b) occurs
for a small value of Ajc.pr around 30-35°, which would
be consistent with our (e,2e) experience. However, the other
mutual angles are above 60° and 90° and are not consistent
with the observed (e,2e) minima.

Let us discuss now Fig. 9(a). A prominent feature is a
region of low intensity at the upper part. It hardly depends
on Apc..r while the value Agg.1 is near the maximum value.
The smallest angular difference among two electrons is near
the left y axis for which Apcyp is near 30-40°, only in this
part we would expect low intensity minima, which is not
observed. As a matter of fact, the intensity varies very little
when moving from the left to the right. More importantly,
we cannot put forward an explanation why the total intensity
in Fig. 9(a) is smaller than those in Fig. 9(b), reflecting the
different emission geometries (a) and (b) as introduced in
Fig. 6.

We conclude that there are angular relations in the (e,3e)
process. Prominent intensity minima when the emission an-
gles are similar as known from (e,2e) and DPE cannot be
observed. This may be due to two reasons. First, we integrate
over all electron energies. For very unequal energies, there
is no region of reduced intensity surrounding the emission
direction of one electron in (e,2e) and DPE [26,27]. Second,
we lack the knowledge for which two electrons stem from the
last binary collision. These aspects may mask the emergence
of intensity minima for similar emission angles. A deeper
understanding requires a theoretical description well beyond
our simple model.

One may also raise the question whether the decomposition
into two sequential binary scattering events is appropriate, as
discussed above. This is at present not known and no state-
ment about the angular distributions can be made.

VIII. SUMMARY

The additional constraint of recording a triple coincidence
leads to a dramatic drop in the count rate. Despite this exper-
imental obstacle, it is possible to perform spectroscopy from
solid surfaces. Favorable conditions are present if a NiO film
is investigated which has shown previously enhanced intensity
in other electron pair emission studies.

The energy sum spectra reveal a shape which resembles
the self-convolution of the DOS. The intensity is mainly from
(e,3e) processes and not from (e,4e) events. If the sum en-
ergy of two electrons is fixed, the available energy is almost
equally shared. The emission geometry can be classified into
two groups depending on which detectors the electrons are
registered. The intensity levels are different while the energy
distributions hardly differ.

The angular distributions reveal a relation among the emit-
ted triple. Prominent intensity minima near equal emission
angles, which are known to exist in pair emission, are not
observed.

We compared our spectra with a simplified scattering
model assuming two sequential binary collisions. Other than
energy conservation, no correlation in emission angles and
energies are considered. It is constructed to yield a triple sum
energy spectrum resembling the experimental result, yet it
fails to reproduce the feature of lower electron energies while
maintaining the triple sum energy. The neglect of angular
correlation is clearly violated by the experimental evidence.
Hence, we have to expect also that a proper description of
(e,3e) has to include energy relations and loss processes.
Finally, the picture of two sequential binary collisions is an
approximation which may not hold in the short timesscales
relevant for the (e,3e) process.
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