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Surface state mediated plasmon decay in Al(100)
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We present the results of a coincidence experiment aimed at studying the role of plasmons and electronic band
structure in the emission of secondary electrons from an Al(100) sample. We measured the spectrum of secondary
electrons in coincidence with photoelectrons that have scattered inelastically inside the solid and have excited a
bulk plasmon. In this paper we put in evidence that the coincidence energy spectrum of the emitted electron is
modulated by the density of occupied states of the sample under investigation. This interpretation is supported
by comparing the coincidence energy spectrum with the calculated band structure of the Al(100) surface. The
comparison suggests that the coincidence spectrum is dominated by the emission of electrons coming from the
Al surface state; it also suggests that, even in the case of bulk plasmon excitation, secondary electron generation
is dominated by decay that happens at the immediate surface of the solid.
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I. INTRODUCTION

Plasmons are a general phenomenon characterized by the
collective motion of charged particles, occurring in several
systems from condensed media [1], to atomic clusters [2], to
thin film, and even the ionosphere. More recently, extended
macromolecules such as fullerenes have attracted attention for
their single molecule collective excitation [3–5]. While the
study of plasmon excitation is a well-established argument,
much less is known about the decay channels of these collective
excitations, even if it is generally accepted that plasmon plays
an essential role in the secondary electron (SE) production
mechanism [6]. On the other end, the emission of SE is highly
relevant for several applications (such as high-energy physics
accelerators and storage rings and plasma-wall interaction in a
fusion reactor) but gives rise to a featureless spectrum that
makes it cumbersome to understand even qualitatively the
mechanism of their generation [7]. SE emission is not the
only field where plasmon decay plays an important role; for
instance, comprehension of the decay mechanism of surface
plasmons is of fundamental importance for designing the
subwavelength optical components employed in plasmonics
and nanophotonics [8].

While the different plasmon excitation channels can be
easily discriminated, for instance, with electron energy-loss
spectroscopy, the origin of a secondary electron is much
more complicated. A possible experiment to gain information
on the relationship between plasmon and SE requires the
detection of correlated electron pairs, where one electron
brings the information on the involved excitation, while the
other provides information on decay channels ending with
generation of secondary electrons [9–12]. The coincidence
technique has been used earlier to establish the causal
relationship between energy losses and SE emission [13–15].
Recently, (e,2e) coincidence measurements between electrons
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that have excited a surface or bulk plasmon (as derived
from the energy-loss spectrum) and the secondary electrons
provided detailed evidence of the link between excitation of
plasmon and emission of electron in the secondary region
in solid systems [9,12]. In particular, a recent experiment
conducted on single-crystal Be(0001) [12] has shown that
secondary electron production undergoes a strong resonant
enhancement when the energy lost by the primary electron
matches the plasmon frequency. In all these cases the emission
of a secondary electron derives from the excitation of a single
electron-hole pair following the plasmon decay, and a strong
analogy between plasmon decay and photon absorption was
established. This implies that plasmons transfer their energy
and momentum to an electron of the solid. Subsequently, this
electron can be emitted from the solids if the gained energy
is large enough to pass the surface barrier potential. If the
analogy with photoemission is true and only one electron is
involved in the decay of the plasmon, then the band structure
of the target must be taken into account for the interpretation
of the angular-resolved coincidence spectrum. Previously an
(e,2e) experiment on Al(100) [9] put in evidence that part of
the emitted electrons in the secondary region are correlated
to the decay of surface and bulk plasmon, in particular, a
clear edge in the coincidence spectrum was observed at an
energy corresponding to the emission from the Fermi level.
In the present work, we concentrate the attention on the
importance of the band structure, density of states, and binding
energy–momentum dispersion of the sample, and in particular
of the surface state.

From the theoretical point of view, Kouzakov and Berak-
dar [16] have calculated the contribution of dielectric screening
in the electron-electron collision that gives rise to the emission
of secondary electrons in Al and Be; they have found an
increase of the cross section at an energy loss corresponding to
the plasmon excitation. But in their calculation the electronic
structure of the Al and Be was taken into account by a simple
jellium model; hence their results cannot be directly compared
with our experimental data. Moreover, the dielectric screening
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effect is not distinguishable, from the experimental point of
view, from the excitation and decay of a plasmon because the
initial and final state are identical. On the contrary, a recent
coincidence experiment on C60 [5] with one photon in and two
electrons out has been theoretically explained [5] in terms of a
three-step model where two of the three steps are the excitation
and the decay of a plasmon. In this case the plasmon is not
created simultaneously with the photon absorption but by the
inelastic scattering of the photoelectron.

In the present work the plasmon decay is studied by
measuring the SE spectrum in coincidence with the Al 2p

photoelectron that lost energy corresponding to the excitation
of bulk plasmons. Hence, this is an experiment with one photon
in and two electrons out that amounts to a plasmon-mediated
double-photoionization experiment. In fact, the process of
plasmon excitation associated with the photoemission spec-
trum is predominantly extrinsic [17,18], i.e., plasmons are
created by photoelectrons during their travel inside the sample.
Analogously to the experiment on C60 [5], we are in presence of
a three-step process that can be summarized in the following
way: after the photon absorption, the plasmon is excited by
the inelastic scattering of the Al 2p photoelectron during
its travel inside the sample, the plasmon decays, and one
electron in the secondary energy region is emitted. In order
to distinguish this process from the double photoionization,
we call it (γ → e,2e).

Analysis of the coincidence spectrum confirms that plas-
mons excited by electron energy losses decay via the emission
of one electron in the secondary energy region; the probability
of emission in a particular direction and with a given energy is
related to the initial density of states of the target. In particular,
as a consequence of the chosen experimental kinematics
the Al surface state gives a fundamental contribution to the
emitted electron in the secondary region after a plasmon
decay. In order to support this statement, a detailed knowledge
of the surface electronic structure is mandatory. To this
end, band structure, including the surface state, and density
of states (DOS) of the Al(100) has been calculated in a
density functional theory (DFT) framework and the surface
energy state has been measured by conventional ultraviolet
photoemission spectroscopy (UPS) in the same apparatus and
on the same sample used for the coincidence experiment.
This result confirms the particular sensitivity of coincidence
spectroscopies to the surface of the target, as previously
observed and discussed [19,20].

II. EXPERIMENTAL

The measurements have been performed at the Department
of Science of the University Roma Tre, with an evolution
of the UHV apparatus employed for previous measurements
of the plasmon decay [9]. The apparatus is now made of
two UHV chambers while the sample is mounted on a
manipulator able to travel from the preparation chamber to
the analysis chamber. A monochromatic x-ray source from
Omicron Gmbh with a photon energy of 148 6.7 eV and
a resolution of 320 meV has been added to the previous
experimental apparatus. Furthermore, the apparatus includes
a He discharge lamp (photon of energy 21.2 and 40.8 eV).
The system is provided with two hemispherical analyzers;

each analyzer is equipped with a single channel electron
multiplier. Pulses from the detectors are processed by two
parallel standard electronic chains made by a fast preamplifier,
a constant fraction discriminator, a delay line, and a counter
directly mounted inside the personal computer (PC) dedicated
to data acquisition. In the case of coincidence measurements
the output of the two delay lines feeds the input of a time
to amplitude converter (TAC) whose output is processed by
an analog to digital converter (ADC) directly mounted inside
a PC. The time spectra recorded in this way exhibit a peak
of true coincidences in the middle of the TAC conversion
interval; the position of this peak is controlled by the amount
of relative delay inserted before entering the TAC. The typical
time resolution of the electronic chain is of the order of 1
ns. The extraction of the true coincidence counts from the
time spectrum follows the standard procedure [21]. The Al
sample was prepared each day by sputtering (ion energy 4
keV, current on the sample 10 μA), and annealing (450 ◦C).
The intensity of the photon beam was adjusted to equalize
the rates of true and false coincidences [21]. Typical true
coincidence count rates, which are mainly determined by
the acceptance angle of the analyzers (10−3 sr), were below
5×10−3 Hz under these conditions. The secondary electron
spectrum was measured by scanning, in the range 2–15 eV,
analyzer 1 (see Fig. 1) in coincidence with the Al 2p loss
corresponding to the bulk plasmon excitation from the 2p

photoelectrons (Ekin = 1393 eV) measured by analyzer 2.
The geometry of the (γ → e,2e) experiment is illustrated

in Fig. 1. It is to be noted that secondary electrons are collected
along directions close to the surface normal. Compared to
the previous (e,2e) experiment [9], the scattering geometry
is different. In particular, the momentum parallel to the
surface of the emitted electron is smaller in the present
(γ → e,2e) experiment. Different scattering geometries give
rise to different sampled regions in the energy momentum
space, as explained in the following.

 = 70° 
 = 20° 

Analyzer 2

E2 

Al(100) 

 

E1 

Analyzer 1: 

 
X-ray source 
(1486.7 eV) 

E1

nalyzer 1:

source
6.7 eV)

FIG. 1. Geometry of the (γ → e,2e) experiment. Analyzer 2
is dedicated to collect the Al 2p core level and its satellites
corresponding to the plasmon excitations, while analyzer 1 is
dedicated to scan the energy region of secondary electrons. In the
present experiment the secondary electrons are collected close to the
normal of the surface.
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The energy dispersion of the Al surface state was measured
by using the helium discharge lamp with a photon energy of
21.2 eV; photoelectrons were collected with analyzer 1 (see
Fig. 1). The source and the analyzer are fixed, the dispersions
along the �X and �M directions were obtained by rotating
the sample around an axis parallel to the surface, and the
surface was azimuthally oriented by means of the low-energy
electron diffraction (LEED) technique. The �X orientation
was kept fixed in the scattering plane (i.e., the plane containing
the scattered and the emitted electrons) in the coincidence
experiment.

III. THEORETICAL FRAMEWORK

The ab initio electronic structure calculations of the Al(100)
surface were carried out in density functional theory [22]
within the generalized gradient approximation, employing the
Perdew-Burke-Ernzerhof functional [23] to handle exchange
and correlation effects. According to the self-consistent
method implemented in the SIESTA code [24], the core
electrons were described by a separable norm-conserving
pseudopotential. The electronic wave function was expanded
on a double-ζ polarized numerical orbital basis set. In order
to allow a better description of electronic surface states whose
wave functions are spatially localized in vacuum, the basis
set has been extended in the vacuum region outside the
surface layer plane using two layers of Al atomic orbitals.
The energy cutoff was fixed to 400 Ry, and the Brillouin
zone was sampled by a 12×12×1 Monkhorst-Pack grid [25].
A symmetric slab with 53 Al layers was used for the
calculation. The Al atoms of the two outermost layers were
relaxed until the residual forces were smaller than 0.01 eV/Å,
while the cell size was maintained constant during the
calculation fixed by the optimized Al lattice constant
(a = 4.07 Å).

IV. RESULTS AND DISCUSSION

In Fig. 2 is reported the x-ray photoelectron spectroscopy
(XPS) spectrum of the Al 2p core level. It is possible to observe
the main peak at a kinetic energy of 1408 eV and two loss peaks
at about 10 and 15 eV from the main peak corresponding to
the excitation of the surface and bulk plasmon, respectively.
In the same figure is reported the EELS spectrum taken
with a primary energy of 1000 eV (the maximum allowed
by the electron gun). The two spectra are very similar,
and the differences (background and main peak width) are
essentially due to the different kinetic energy and different
energy resolution in the two experiments. Plasmons associated
with the photoemission process are of two types: intrinsic when
the collective excitation is generated in the photon absorption
process, extrinsic when plasmons are generated by the pho-
toelectron during its travel inside the matter. Considering the
direction of photoemitted electrons (see Fig. 1), only 20%
of plasmons are intrinsic [17]. Hence, in this geometry, the
majority of the plasmons are extrinsic. These two facts suggest
that in the present experiment the photoelectron behaves as
an internal electron source of 1408 eV (the energy of 2p

photoelectrons). In conclusion, this (γ → e,2e) experiment

FIG. 2. XPS spectrum of the Al 2p core level with its satellites,
namely, the bulk and surface plasmon (black dots, lower scale)
and energy-loss spectrum taken with a primary energy of 1000 eV
(red dots upper scale).

differs from the previous (e,2e) study of plasmon decay only
concerning the energy of the primary beam and the kinematics
of the experiment.

The result of the coincidence experiment is reported in
Fig. 3 compared with the secondary noncoincidence spectrum
measured with the same analyzer and in the same energy
region. The coincidence spectrum was obtained by scanning
analyzer 1 in the secondary electron region while analyzer
2 was fixed at 1393 eV, corresponding to the maximum of
the XPS Al 2p loss originating from the excitation of a
bulk plasmon. The conventional secondary spectrum presents

FIG. 3. Secondary spectrum compared to the coincidence spec-
trum taken with analyzer 2 at fixed energy corresponding to bulk
plasmon excitation.
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FIG. 4. The energy momentum space of the experiment. The
background represents the band structure calculations, the blue dots
and continuous line are, respectively, the measured dispersion and
the calculated surface state, the red [this (γ → e,2e) experiment]
and the green [previous (e,2e) coincidence experiment [9]] rectangles
are the sampled regions associated with each point of a coincidence
spectrum.

a maximum at about 4 eV and a shoulder at about 9 eV.
The coincidence spectrum is completely different; it does
not show the peak at 4 eV while there is a peak at about
9 eV, and then the signal goes quickly to zero, different
from what happens to the conventional secondary spectrum.
The only similarity between the spectra is the peak in the
coincidence spectrum and the shoulder in the secondary
spectrum at 9 eV, the shoulder can be explained as the
weak evidence in the conventional secondary spectrum of
emitted electrons coming from the bulk plasmons decay. The
coincidence spectrum presented here is also different from the
previous experiment regarding the decay of bulk plasmon [9],
in particular for the presence of the peak at 9 eV. In order to
explain the difference between the two coincidence spectra we
have to take into account the kinematics of the experimental
configuration.

The background of Fig. 4 represents the calculated band
structure of the Al(100) surface; the details of the calculations
are reported in the theoretical section. The calculated gap has
an extension from −3.02 to −1.55 eV at �. In the same figure
the continuous blue line in the gap represents the calculated
Shockley surface state (−2.70 eV at �). The measured
dispersions of Al surface state along the �X and �M directions
are also reported (blue dots). In this figure the rectangles
with the continuous red edge represent the region of the
energy momentum space sampled in the present coincidence
experiment, while the rectangles with the continuous green
edge represent the region sampled in the previous (e,2e)
experiment [9]. Each rectangle is related to the kinetic energy
of the emitted electron, in particular, the energy Eb and the
momentum K‖ associated to the center of the rectangle are
derived from the conservation laws in the hypothesis that
the plasmon decays, transferring its energy and momentum
to a single electron of the solid. The two conservation laws

are

Eb = h̄ωp − EK − φA, (1)

K‖ + Kp‖ = Ke‖, (2)

where Eb, h̄ωp, EK , and φA are respectively the binding
energy of electron in the solid, the energy of the plasmon, the
kinetic energy of the emitted electron, and the analyzer work
function, and K‖, Kp‖, and Ke‖ are respectively the momenta,
parallel to the surface, of the bound electron inside the sample,
of the plasmon, and of the emitted electron. Moreover, the
momentum of the plasmon can be related to the energy-loss
process that generated the plasmon itself, i.e., Kp = �q =
Kf − Ki, where Ki and Kf are the momenta of the primary
electron and of the scattered electron, respectively. The size
of the rectangle is directly related to the experimental energy
and momentum acceptances respectively equal to 2.2 eV and

0.045 Å
−1

. From Fig. 4 we observe that the region sampled
by the present experiment intercepts the surface state at a

momentum equal to 0.4 Å
−1

. On the contrary, the momentum
of the emitted electron in the case of bulk plasmon decay in
the previous (e,2e) experiment [9] (rectangles with continuous
green edge) does not intersect the Al surface state. The different
kinematics and consequently the different sampled regions in
the energy momentum space in the two experiments explain
the different coincidence spectra obtained in the two cases.
In particular, the position of the peak at about 9 eV of kinetic
energy can be explained with a direct emission from the surface
state, in fact, binding energy and momentum of the peak in the
coincidence spectrum correspond to the intersection of the red
rectangles presented in Fig. 4 with the measured dispersion
of the surface state. In order to support this interpretation, we
compare our experimental results with a calculation of the
surface DOS, including the surface state, that contains also
bulk contributions. The comparison is justified by the fact
that all the Al valence states are equivalent in the sense that
they originate from the same quasifree electron bands. Conse-
quently, the plasmon decay cross section changes slowly with
the energy. The calculations have been computed considering
a semi-infinite substrate in the framework of Green’s function
formalism as implemented in the TRANSIESTA code [26]. The
results of the DOS calculations are reported in Fig. 5, together
with the experimental coincidence spectrum. The calculated
curves are convoluted with a Gaussian whose width is 2.2 eV
in order to take into account the experimental resolution.

The different curves have been obtained with a different
level of sensitivity to the bulk in order to account for the strong
attenuation of the coincidence signal coming from successive
layers underneath the surface. The attenuation is modeled by
an exponential decay with parametric attenuation length λ.
Three of the four curves displayed in Fig. 5 differ for different
value of λ ranging from 1 to 5 Å; the fourth curve (Z = 0)
has been obtained by taking into account only the contribution
to the density of states coming from the surface layer. The
first observation concerns the agreement between experiment
and calculation relative to the peak at 9 eV; the agreement, as
expected, does not depend on the particular choice of λ. In
the calculated DOS this peak corresponds to the Al surface
state, thus confirming the previous statement concerning the
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FIG. 5. Coincidence spectrum and DOS calculation as a function
of the attenuation length λ. The fourth curve (z = 0) is the result of
the DOS calculation of the surface layer.

origin of the peak at 9 eV in the coincidence spectrum.
The calculated curves differ from each other at lower kinetic
energy, where a shoulder becomes more prominent, increasing
the bulk contribution. This shoulder is due to the lower part
of the DOS. If we limit our integration region to the surface
layers, the low-energy part of the DOS is weakened due to the
well-known “surface band narrowing,” which moves spectral
weight from the band edges to the center of the valence band.
We observe that the greater the bulk sensitivity, the greater the
difference from the experiment, suggesting that the experiment
exhibits an extreme surface sensitivity and that in general the
proposed model is in agreement with the experiment. The
surface sensitivity of the coincidence experiment is peculiar
of this technique, as discussed elsewhere [19,20,27], and also
when surface states are not involved [28]. Finally, it is noted
that also in our earlier work [9] evidence has been found that the
emission of secondary electrons as a result of plasmon decay
takes place at the immediate surface of the solid. In that work
this concerned particularly the decay of the surface plasmon,
while the present paper clearly demonstrates that even for the
decay of the bulk plasmon the surface plays an important role.

The clear explanation of the coincidence spectrum in terms
of density of bulk states and localized surface states suggests
that the decay of plasmon gives rise to a process analogous to
the photoemission, where the role of the photon is played by
the plasmon. In fact, in this single-particle picture the energy
and the momentum of the plasmon is transferred to a single
bound electron that is emitted from the solid into the vacuum.
In this model, the maximum allowed kinetic energy of the
emitted electron is given by Emax

K = h̄ωp − φA, corresponding
to the emission of an electron coming from the Fermi level
of Al, as clearly pointed out in our previous work [9]. In the
present work the Fermi level is not clearly detectable because
the spectrum is dominated by the surface state. The position
of the surface state in the coincidence spectrum can be derived
from the energy conservation law in Eq. (1), where Eb is, in this
case, the binding energy of the surface state, thus confirming
that only one electron of the solid is involved in the decay
process of the plasma oscillation. The inelastic scattering

cross section at this energy is essentially in forward direction,
analogous to what happens in specular reflection [29]; then the
plasmons selected in the coincidence experiment have small

momentum (0.1 Å
−1

) compared with the critical wave vector

(Kc = 1.3 Å
−1

in Al [30]), where the dispersion curve of the
bulk plasmon intersects the single electron excitation band. It
is well known that plasmon with a momentum greater than Kc

has a very short lifetime due to its superposition with intraband
excitation, while below Kc lifetime is longer because intraband
transitions are forbidden and electrons involved in the decay
of plasmons make a near vertical interband transition. Bocan
and Miraglia [31,32], in their semiclassical approach to the
problem of plasmon decay, considered alternatively to the
interband near vertical transition also a second channel where
two interacting electrons share the energy and the momentum
of the plasmon. This second channel does not seem to be
relevant in our experiments because it should give rise to a
continuous energy sharing between the two final electrons. On
the contrary, we observe a distribution due to a single particle
density of states, such as the peak from the surface state or from
the Fermi level. The kinematics condition of this experiment
determines the predominance of the interband transition chan-
nel with respect to the two interacting electrons channel [32].
An alternative channel that gives rise to an intraband transition
involves a phonon plus an electron in place of two interacting
electrons in order to satisfy the momentum conservation; this
channel should represent a minor contribution to the decay of
plasmon, as pointed out in another calculation [33].

V. CONCLUSIONS

Our (γ → e,2e) coincidence spectrum is compatible with
the three-step model [5] in which an extrinsic plasmon is
created and decays, transferring its energy and momentum
to a single bound electron that is consequently emitted
into the vacuum contributing to the coincidence spectrum
in the secondary electron energy region. In this model the
conservation of the parallel momentum must be considered.
Then, as evident from Eq. (2), the band structure of the
target plays a fundamental role. This is confirmed by the
comparison of the experimental data with the density of states
calculation, where in particular, the peak in the coincidence
spectrum is attributed to the emission of an electron from
the Al surface state. On the other hand, calculations that take
into account both the dynamics of the interaction and the
real band structure are not available at the moment. Thus,
further theoretical calculations based on the direct scattering
model [16], including the real surface band structure, are
desirable in order to shed more light on the role of the plasmon
in the (e,2e) collision at metallic surfaces. The relevance of the
band structure, and in particular of the surface state in the decay
of bulk and surface plasmons, has been put in evidence also in a
recent (e,2e) experiment on Be(0001) [12]. This suggests that
the coupling of the collective excitation with the band structure
of the solids is a more general phenomenon, independent from
the details of the excitation and from the sample investigated,
at least in this class of nearly free electron metals. Unlike all
previous investigations of the plasmon decay mechanism
[9–12], due to the high photon energy, exchange and cor-
relation between photoelectron and ejected electron can be
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disregarded and the observed correlation between plasmon
excitation and secondary electron generation is a clear ev-
idence for long-range (plasmon)–short-range (electron-hole)
coupling.
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