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Secondary Electron Emission by Plasmon-Induced Symmetry Breaking in Highly
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Two-particle spectroscopy with correlated electron pairs is used to establish the causal link between the
secondary electron spectrum, the (7 + o) plasmon peak, and the unoccupied band structure of highly
oriented pyrolytic graphite. The plasmon spectrum is resolved with respect to the involved interband
transitions and clearly exhibits final state effects, in particular due to the energy gap between the interlayer
resonances along the I'A direction. The corresponding final state effects can also be identified in the
secondary electron spectrum. Interpretation of the results is performed on the basis of density-functional
theory and tight-binding calculations. Excitation of the plasmon perturbs the symmetry of the system and
leads to hybridization of the interlayer resonances with atomlike ¢* bands along the I'A direction. These
hybrid states have a high density of states as well as sufficient mobility along the graphite ¢ axis leading to
the sharp ~3 eV resonance in the spectrum of emitted secondary electrons reported throughout the

literature.
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Van der Waals materials have recently been attracting
interest in materials science since they exhibit outstanding
fundamental and technological properties and are building
blocks for multilayered quasi-2D materials, as well as 3D
materials and heterostructures [1,2]. Graphite, being a
model system for this class of materials has been most
extensively studied with respect to its electronic structure,
both experimentally [3—13] and theoretically [14-19].

When two or more graphene layers are put on top of each
other, so-called interlayer resonances form in the electronic
structure, which are highly dispersive along the ¢ axis and
reflect the three-dimensional structure of the crystal [20].
Distinct oscillations in the electron reflectivity are observed
when measuring the reflected intensity as a function of the
electron kinetic energy [21-23], their number being equal
to the number of graphene layers minus one. Interlayer
states are highly transmissive for electrons coming from
vacuum and have a large local density of states in between
individual graphene layers. For graphite they appear as a
broad band of states that strongly couple to vacuum [24].
The character of such electronic multiquantum well states
can be qualitatively understood using the analogy to a
Fabry-Pérot interferometer in light optics [25]. The signal
employed in the above techniques, such as elastic peak
electron spectroscopy [25] and total current spectroscopy
[11], exclusively stems from impinging electrons, which

0031-9007,/20/125(19)/196603(6)

196603-1

are eventually detected without having suffered any energy
loss or are absorbed in their entirety, such as in inverse
photoemission spectroscopy (IPES) experiments [20].

Compared to the works cited above, the present Letter
concerns the reverse process, where electrons are leaving
the surface after being liberated inside the solid. This
phenomenon of secondary electron emission (SEE) is of
great fundamental as well as technological importance [24].
In the past, SEE has also extensively been employed
to study the unoccupied electronic structure of graphite
[4-7.9,10,26]. Obviously, for secondary electron emission,
energy losses, in particular, excitation and decay of
plasmons [27-33], play an essential role. A striking differ-
ence between electronic structure data from SEE and the
elastic techniques mentioned in the previous paragraph is
that the dispersion of the interlayer resonances is not at all
observed in SEE data. Instead, a strong resonance is found
in secondary electron spectra, which always appears at an
energy of about 3 eV above vacuum (i.e., within the energy
range of the first interlayer state above vacuum). The
position of this resonance shows no dispersion whatsoever
in SEE data and is found to be independent of the
experimental kinematics in a substantial number of works
by different authors [3—7,9-11].

We use time-correlated two-electron spectroscopy to
establish a causal relationship between energy losses and
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secondary electron emission [34—38] on a sample of highly
oriented pyrolytic graphite (HOPG). In particular, secon-
dary electron-electron energy loss coincidence spectro-
scopy is employed (see Supplemental Material [39]) to
investigate the relationship between energy losses suffered
by exciting a plasmon and the concomitant emission of a
secondary electron. Note that, for a given energy loss of the
primary electron to be feasible, corresponding initial and
final states need to exist for the liberated electron in order to
satisfy energy and momentum conservation. The electronic
transitions taking place in resonance with the plasmon are
explicitly identified experimentally. The experimental
results highlight the influence of the complex band struc-
ture of HOPG on the plasmon spectrum and the ejection of
a secondary electron in the course of the associated
interband transition and are interpreted with the aid of
density functional theory (DFT) and tight-binding calcu-
lations [39]. In particular, when the symmetry of the system
is broken in our tight-binding model, the resulting hybridi-
zation of the interlayer states with the atomlike ¢5 band
leads to the ~3 eV resonance in the secondary electron
(SE) spectrum.

Our experimental results are summarized in Figs. 1-3(a)
showing different portions of the electron coincidence
spectrum taken in specular reflection geometry at the
Bragg maximum for a primary energy of Ey—E,, =
173 eV (see Ref. [39] for details). The white curve in
Figs. 1 and 2(a) represents the singles electron spectrum,
exhibiting the elastic peak as well as the 7 and (7 + o)
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FIG. 1. Double differential spectrum of true coincidences for
HOPG for an incident energy of 173 eV above vacuum (energy
resolution SE| = 5 eV). The white curve is the singles loss and
secondary electron spectrum. Indices 1 and 2 are used to indicate,
respectively, fast and slow electrons arriving at detector 1, the
hemispherical mirror analyzer, and 2, the time of flight (TOF)
analyzer [39]. The green line labeled E, = AE — ¢ indicates the
minimum energy loss needed for the slow liberated electron (2) to
reach the vacuum level from the Fermi level for a given energy
loss AE, where ¢p = 4.6 eV is the work function of HOPG. Here
and below, the yellow arrows correspond to final state energies of
E; — Ey,. = 3.7 and 17 €V, respectively.

plasmon losses, defined by the energies for which the real
part of the dielectric function crosses zero, at Aw, ~ 6
and hw,,, ~23 eV [3]. For higher energy losses, plural
plasmon excitation sets in. The secondary electron
spectrum is characterized by a very sharp peak at
3.7 eV, which has been reported earlier by many authors
[4,6,7,9-11,24,26,40-42], and a broad shoulder at ~17 eV.

The coincidence spectrum shown in false colors in Fig. 1
represents the number of correlated electron pairs emitted
with a given combination of energies (E;, E,). When
recording the spectrum of correlated electrons in a Bragg
maximum, those processes dominate in which the primary
electron is first deflected along the outgoing Bragg beam,
followed by the inelastic process. In the deflection-loss
(DL) model, one thus assumes the initial momentum of the
primary electron to be exactly defined by the Bragg
condition [8,44-46] before the loss process liberating the
second electron of the pair takes place. As a consequence,
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FIG. 2. (a) Coincidence spectrum of the plasmon loss in HOPG
(measured with an energy resolution 0E; = 1.25 eV.) The white
curve is the singles loss spectrum. (b) The data in the plasmon
feature in (a) within the red parallelogram represented in k space
and projected on the pertinent band structure [43] along the ['A
and 'K direction (see Supplemental Material [39]). The colored
arrows indicate transitions associated with the dots in the
coincidence yield in (a). Their colors correspond to those of
the dots in (a), while the false colors in (a) and (b) represent
intensities, as indicated by the color bars.
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all initial and final states of the inelastic process are fixed by
momentum and energy conservation [39,45]. In other words,
the coincidence experiment makes it possible to pinpoint the
electronic transition of the bound electron involved in the
(e,2e) process by measuring time-correlated electron pair
intensities. In the present case, this mainly concerns emission
of a secondary electron after excitation and decay of a
plasmon by the primary electron.

Three distinctly different parts can be identified in the
coincidence spectrum: (1) a region of high intensity near
the green line labeled £, = AE — ¢ [comparison with the
singles spectrum allows one to conclude that this feature
corresponds to the excitation of a single plasmon, which is
shown separately in Fig. 2(a)]; (2) horizontal stripes along
the E; scale at energies E, = 3.7 and 17 eV, indicated by
the yellow arrows, which seem to have a counterpart along
the E, scale (vertical dashed lines marked by yellow
arrows; this energy region will be referred to as the plural
scattering region in the following); and (3) a strong and
structured peak for energies E;, E, < 20 eV, correspond-
ing to the cascade of secondary electrons. A distinct peak of
what appears to be correlated electron emission is seen
around the point (E, E,) = (17,17) eV.

Figure 2(b) shows the region in phase space correspond-
ing to the plasmon loss feature in Fig. 2(a), obtained by
applying energy and momentum conservation (see
Eqgs. 1-3 of [39]) to the data within the red parallelogram
in Fig. 2(a). Above the Fermi level, the false colors encode
the projected yield of the final state, below the energy and
momentum of the bound electron in the initial state. The
colored arrows in Fig. 2(b) indicate the interband transi-
tions corresponding to the energies of the fast and slow
electrons marked by colored dots in Fig. 2(a).

Finally, in Fig. 3(a), the total electron yield (TEY)
measured in absolute units (green curve, [24]) is compared
with the coincidence data in Fig. 1 summed over E; (blue
curve) and the singles SE spectrum (black curve).

A striking feature of the single scattering plasmon
feature is the complete absence of the z plasmon in the
coincidence data, in particular, also at low energies: finite
count rates appear only for AE > 12 eV. This can be
understood on the basis of the k-space representation of the
data in Fig. 2(b): for the characteristic energy loss of the z
plasmon and the kinematics of the experiment, no favorable
combination of initial and final states above vacuum is
available that would allow a transition to take place [24].
Note that our experiment mainly samples a region in phase
space where an energy gap between valence and conduc-
tion band occurs, far away from the K point.

For any energy loss AE in the single scattering plasmon
feature the probability for generating a secondary electron
has a strong peak at energies E, within the plasmon feature.
This observation highlights the fact that the final state of the
scattering process corresponds to the ejection of a single
bound electron. Any conceivable process in which the
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FIG. 3. (a) Green curve: TEY measured in absolute units [24]
showing a broad minimum between 0 and 5.5 eV due to the high
transmissivity of the interlayer states; blue curve: coincidence
data in Fig. 1 summed over E|; black curve: singles SE spectrum
(white curve in Fig. 1). The latter two curves exhibit the sharp
resonance due to hybridization. The lower panel shows the
theoretical total transmission of the graphite surface as a function
of initial energy for the symmetry-conserved (purple) and
symmetry-broken (red) slab compared with the band structure
along I'A. (b) Expanded view of the lower panel in (a). Blue
triangles mark the transmission peak caused by the
o5 band. In the symmetry-conserved slab, this resonance is very
sharp, containing few electrons, while it becomes much more
pronounced in the symmetry-broken slab due to hybridization
(see text).

energy is transferred to more than one electron in the final
state would lead to intensity below the single scattering
plasmon feature for any reasonable energy sharing model.
Furthermore, the maximum in the single scattering feature
along E, is seen to occur for a range of slightly different
binding energies (energetic distance from the green
diagonal) when going from top to bottom, following the
dispersion of the initial state. This is indeed confirmed by
the representation of the single scattering data in k space,
Fig. 2(b). A faint minimum is seen in the plasmon loss
feature in Fig. 1 near (E|, E,) = (154, 10) eV, correspond-
ing to the energy gap in between the strongly dispersing
interlayer bands along I'A indicated by the yellow arrows in
Fig. 2(b). Indeed, a minimum in the final state intensity is
also observed in the plasmon spectrum in Fig. 2(b)
at E— Ep~15¢V.
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These findings show that, for a material with a complex
band structure, such as graphite, the excitation of a plasmon
and the associated interband transitions are both essential
parts of the same coherent process, a plasmon-assisted
interband transition [47] leading to ejection of the bound
electron into an excited state. This picture supports the
momentum-exciton model for the plasmon [24,48] as a
coherent excitation of a (rather small) number of electron
hole pairs behaving as a quasiparticle with a well-defined
energy and momentum. Note that the typical number of
electrons participating in a plasmon is about five [48,49]
and that the range of possible energies above vacuum
occupied by the ejected electron is limited by the plasmon
energy. This implies that the width of the secondary
electron peak is essentially governed by the density of
the solid-state electrons.

The coincidence data also convey the fact that plural
inelastic scattering proceeds via a Markov-type process
[24,50]; i.e., no memory of the previous collision plays a
role in subsequent processes. If this were not the case, i.e.,
if coherent plural plasmon creation took place in which the
full energy loss is transferred to a single electron, intensity
due to plasmon replicas should appear just below the green
diagonal line at energies (E;, E,) = (Ey — n X hw, ., nx
hw,.,— ¢+ E,). Here n is an integer and E, is the
(negative) binding energy of the initial state. Likewise, no
plasmon replicas are seen for ejected electron energies
corresponding to a single plasmon loss, i.e., at energies near
(E\,E;) = (Ey—n X hw, , hw, ., — ¢+ E,). Instead,
stripes of intensity at energies (marked by the yellow
arrows) of 3.7 and 17 eV, respectively, are observed.
The fact that the ejected electron energy in the plural
scattering region is completely independent of AE cannot
be understood within the simple DL model outlined in the
Supplemental Material [39]. The explanation is that, when
more than one inelastic process occurs, any combination of
scattering angles and energy losses in individual scattering
events can lead to the net energy and momentum transfer
observed for the ejected electron. In other words, the initial
state for the process leading to ejection of the second
electron is no longer determined as in the single scattering
feature [see Fig. 2(a)]. This implies that the DL model is
only valid in the single scattering regime. The final state in
the plural scattering regime, however, is determined by the
detection geometry and energy of the slow electron. Indeed,
the energies at which these stripes appear seem to corre-
spond to the position of the atomlike ¢; bands ~7.5 eV
above Fermi, as well as the flat ¢* bands 22 eV above
Fermi, along the I'A direction [see Fig. 2(b)]. Note that the
I'A direction coincides with the symmetry axis of the TOF
analyzer, which measures the final state of the slow
electron.

The energies of the secondary electrons emitted along
the graphite ¢ axis (stripes in the plural scattering region
marked with yellow arrows) and the sharp peak in the SE

spectrum at 3.7 eV exhibiting a surprising lack of
dispersion [4,6,7,9-11,24,26,40-42] deserve to be dis-
cussed in more detail. These features in the coincidence
data appear outside the single scattering region and are
attributed to incoherent plural plasmon excitation. As noted
above, the initial state is no longer fixed by the exper-
imental kinematics since many combinations of energy and
momentum transfers in individual scattering processes
yield the same net final state. The final state energies of
these features are very close to the flat o5 bands within the
interlayer resonances along I'A [Fig. 2(b)]. To understand
the characteristics of these final states, we use DFT
calculations [51-55] for bulk graphite, as well as a surface
slab to parametrize a tight-binding model [54]. We can then
simulate the transmission of the secondary electron from a
Bloch state inside the solid (i.e., the final state of the
inelastic scattering process with the incoming electron) to a
free vacuum state [as given by Eq. (5) in the Supplemental
Material [39]]. Given an unperturbed graphite slab, we
find, as expected by the flat nature of the ¢ bands, a very
sharp resonance [see blue triangle in upper panel of
Fig. 3(b)] that does not contribute significantly to the
overall signal, as its area is vanishingly small. We next aim
to model the symmetry breaking induced by the incidence
of the primary electron and the emerging plasmon in the
simplest way possible: we induce a symmetry breaking at
the surface of the slab by a local potential V> 0.3 eV
added to a single of the three equivalent s p? orbitals of each
carbon atom of the surface layer. Such a term breaks the
D¢, symmetry of graphite, essentially locally eliminating
the threefold symmetry. The induced hybridization
between the 3 bands and o7 5 interlayer bands substantially
enhances and broadens the resonance. The resulting hybrid
state exhibits the high density of states of the flat band,
implying that it is a favorable state for an initially bound
electron to reach a final state above the vacuum level. The
hybrid state also has the high mobility of the interlayer state
which efficiently couples to vacuum, allowing it to escape
from the surface. For simplicity, we neglect a more detailed
description of the outgoing electron (e.g., the effect of
image charges) by restricting ourselves to outgoing plane
waves. Indeed, we have verified numerically that a similar
symmetry breaking in bulk HOPG leads to transmission
from o3 to o} ; modes (and vice versa) in bulk transport
perpendicular to the layers.

The above process can be summarized as follows: in
response to the incoming particle, electron hole pairs are
created in the solid, breaking the symmetry of the system,
which can no longer be described by means of a one-
electron band structure. In the course of the evolution of the
plasmon, an electron is promoted to the state with high
density in the unoccupied band structure, leaving a hole in
the valence band behind. The group velocity of this state is
zero: it is a stationary state corresponding to an oscillation
about and between graphene layers. Because of the
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plasmon-induced symmetry breaking, this state hybridizes
with the interlayer state, with the same phase velocity but
with a significant group velocity along the ¢ axis. The
nature of the interlayer states can be qualitatively under-
stood by considering the optical analogy to the Fabry-Pérot
interferometer [25]. The waves are multiply reflected in
between graphene layers, but at the same time the trans-
missivity is appreciable, leading to transport along the ¢
axis. It is well known that these states couple effectively to
vacuum, eventually leading to emission of an electron from
the surface. In the above qualitative description, the entire
process is conceived to consist of individual steps in time.
This was done for conceptual simplicity. More realistically,
however, it should be regarded as a single coherent process.
Since the parametrization of our tight-binding model
only extends to about 18 eV, the origin of the second stripe
in the coincidence data at £ — Ep ~ 17 eV could not be
verified. It is conjectured, however, that a similar hybridi-
zation mechanism plays a role in that case as for the lower
lying interlayer band around 3.7 eV. The peak of apparent
correlated emission at (Ey, E,) = (17,17) eV then is a
direct consequence of the hybridization in that also the
unoccupied flat band at around 17 eV (above vacuum) is a
favorable final state, and by virtue of the high mobility of
the hybridized state also leads to a strong peak in
the secondary electron cascade. For the primary energy
Ey = 173 eV employed here, plural inelastic processes can
lead to (incoherent) creation of several secondary electrons.
A part of these SEs may actually escape and give rise to
multielectron detection events with preferred energies of
17 eV. As discussed above, this proceeds via a Markov
sequence of events leading to a strong preference of final
states with these energies in the course of (incoherent)
plural inelastic scattering and generation of secondary
electrons. Therefore, while the peak at (E,E,) =
(17,17) eV appears to be due to correlated electron
emission, it rather is an incoherent increase in the electron
pair intensity due to the aforementioned process. A similar
peak is also expected at (Ey, E,) = (3.7, 3.7) but could not
be observed since the lowest energy along the E; scale that
can be reached in the coincidence experiment is ~5 eV.
In summary, the (7 + o) plasmon in graphite has been
resolved with respect to the involved electronic transitions.
Formation of a hybrid state as a consequence of plasmon-
induced symmetry breaking provides an explanation for the
strong resonance observed in SE spectra in the literature (at
3.7 eV in the present Letter). Most importantly, it explains
the difference in band structure measurements using elastic
processes and techniques that involve creation of a plas-
mon. To fully appreciate this point, the reader is referred to
Fig. 4 in the work by Maeda et al. [9], which shows a direct
comparison of IPES and SEE data, the dispersion of the
interlayer state completely lacking in the latter. The same
group later conducted experiments on single layer graphene
where the unoccupied states show a nearly free electron

dispersion [56]. This is to be expected since, for a single
layer, hybridization with interlayer states cannot occur.
Comparison of these results thus highlights a most relevant
difference between a true 2D material and a van der Waals
material: electron transport and emissivity along the ¢ axis,
the subject of the present Letter. The present results
therefore indicate that the inverse low energy electron
diffraction formalism that is often employed to interpret
secondary electron spectra [57] should be complemented to
account for many-body processes, since the phenomenon
of secondary electron emission cannot be fully described
on the basis of the one-electron band structure.
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