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In this work, we investigate in detail the effects due to the interaction between an electron and a station-
ary positive ion (or atomic hole) in the neighborhood of a surface of Fe–Si, having a strong plasmon peak
in their electron energy loss spectra, when it is excited with synchrotron radiation. We take into account
the effects due to the sudden creation of an electron and the residual holes, one in the case of X-ray pho-
toemission spectroscopy (XPS) and two in the case of Auger electron spectroscopy (AES).

We use a semi classical dielectric formulation for the photoelectron trajectory, and we estimated the
parameter rs, the radius of the sphere occupied by one electron in the solid, which is critical in order
to define the electron density of the alloy. With the cited formulation, we have obtained a detailed behav-
ior of the different contributions of the collective excitations in both processes.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

In the field of spectroscopic analysis, there has been a contin-
uing interest concerning the properties of interfaces and solid sur-
faces, particularly when looking at their interactions with charged
particles and radiation. These properties and interactions are
important, e.g., in heterogeneous catalysis, in various applications
of semiconductors and thin films, or in corrosion protection. As a
result, an intense development of different methods and tools for
studying surfaces has recently taken place. Applications of electron
spectroscopies for analysis of surfaces and interfaces have a very
significant impact on the progress of this field [1–7].

The behavior of an emitted electron with an ion near the surface
is of interest to understand the effects of the simultaneous
dynamic interaction of electron, ion and surface involved in the
spectra obtained in high scattering experiments.

The purpose of this paper is to investigate in detail the effect of
the interaction between a fast emitted electron and a stationary (or
atomic hole) ion in Fe–Si compounds. In particular, we study how
creating a positive charge localized on the solid can influence the
inelastic energy dissipation of the electron, and the corresponding
spectra. It is well known [2] that there are two different
contributions to the main interaction of external charged particle
electron gas with the material: the individual excitations (elec-
tron-particle external) and collective (plasmon oscillation). This
last contribution is to be discussed in detail in this paper.

We analyze the interaction of the sudden creation of the elec-
tron–hole pair with solid interfaces of Fe–Si compounds, in terms
of the dielectric formalism and the semi-classical approach, using
the so-called surface reflection model [1–3]. This model has been
quite useful for applications in studies of particles-surfaces inter-
action processes, as well as in the field of electromagnetism [4].

Although in general, the surfaces are well defined to a macro-
scopic level, they usually present roughness at atomic scale that
make their treatment difficult. In the following we will constrain
ourselves to the study of smooth surfaces. This limitation must
be taken into account when comparing with experimental results.

Turning to the problem established by the non-invariant trans-
lational of the dielectric function that characterizes the solid, we
consider that the photo-electron follows a well-defined classical
trajectory, exciting collective oscillations in the bulk and on the
surface [1]. In this mechanism of plasmon excitation it losses
energy, which depend of the material that it travel as well as of
its initial energy (or velocity).

In principle, the formalism that we developed in previous works
[7–9] can be applied in different electron spectroscopies (i.e., AES,
UPS and XPS). In this work we study the difference in the energy
loss of the photoelectron and the Auger electron between both
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XPS and AES processes, and the difference in the corresponding
probabilities of bulk and surface plasmon excitations.

We apply our formalism for the final state of the Auger process:
two holes and an emerging electron all interacting with the elec-
tron gas and contributing to the electron energy loss. The new con-
tribution to this research is that we apply our previous results to a
solid form with two pure elements.

In Section 2, we give a brief account of the method used for the
calculation of the energy loss of the particle in both processes
within the solid appearing because of the sudden creation of the
electron–hole pair, and as a result of the transport of the photo-
or Auger electron in the medium.

In Section 3, we present the results of our calculations for the
alloy Fe–Si.

In Section 4, we discuss the main features of our results and
finally in Section 5 we summarize the work and comment on some
perspectives for further research.
2. Theoretical description

In order to investigate the energy loss of a photoelectron due to
plasmon excitation we use a semiclassical model developed in pre-
vious works [7–9], as well as the dielectric response model used by
Yubero and Tougaard [10].

The whole system involved: the hole (one hole for XPS and two
for AES) and the electron are created at a distance z0 from the inter-
face between the metal and the vacuum. We assume that the hole
is fixed at r0=(0, z0) while the emitted electron with velocity u fol-
lows a uniform trajectory re = r0 + ut, perpendicular to the surface,
which remains undisturbed by the plasmon excitation events. This
approximation holds for sufficiently large kinetic energies, mu2/
2� �hxp [11–18]. Within our formalism, this approach is fully jus-
tified: in X-ray photoemission spectroscopy (XPS) and in X-ray
excited Auger electron spectroscopy (AES) the energy of the emit-
ted electron is in the several hundred eV or in the keV range, while
hxp is lower, than 20–25 eV.
2.1. Some considerations on the Auger process

This is more complicated to handle in the sense that it can be
considered a several-level process: the first occurs when a pri-
mary electron creates an initial hole in some internal shell of
the atom. In a second instance both primary electron and core
electron leave the atom with a more or less defined energy. This
is because the escaping primary electron suffers scattering pro-
cesses and the electronic structure of the ionised atom is rear-
ranged. This rearrangement, which is a third stage in the
process, is done in such a way that after a time of the order of
10�15 s, the deep initial hole in the core level is filled by an elec-
tron originating from an energetically higher-lying shell. This
transition may be accompanied by the emission of a characteristic
X-ray photon (we have not taken into account this case), or alter-
natively the deexcitation process might be a radiationless Auger
transition, in which the energy lost by the electron that falls into
the deeper atomic level is transferred to another electron of the
same or a different shell. Simultaneously, this latter electron is
then emitted with a characteristic Auger energy, leaving the atom
in a doubled-ionised state (two holes in different or same core
levels) [19]. It is in this last level that we apply our formalism:
two holes and an emerging electron all interacting with the
electron gas and contributing to the average number of plasmon
excitations.

We use the so called specular reflection model [2] to describe
the system and the involved field. In this frame, the behavior of
the material is given by the local dielectric function [2]:
eðk;xÞ ¼ eðxÞ ¼ 1�x2
p=xðxþ icÞ; ð1Þ

with the corresponding values for the plasma frequency xp and the
damping constant c. Throughout the paper we use atomic units.

xp is related to rs as:

x2
p ¼ 4pgqe2=m; ð2Þ

where g is the electronic density and m is the electron mass [14].
In the so-called jellium model the solid is replaced by a homo-

geneous electron gas and a background of positive charges with
the same average density in order to maintain the system’s neu-
trality. The fundamental parameter of the model is rs (u.a.), which
is defined as the radius of the sphere occupied by one electron in
the solid. This quantity is related with the electronic density and
this with the dielectric function.

The dependence of rs from g is:

g�1 ¼ 4p=3r3
s ð3Þ

Hence, according to the specular reflection model, the charge
densities of the moving electron q� and the static positive charge
q+ are

qq�
r; tð Þ ¼ q�dðr � uÞH1ðtÞ

qqþ
r; tð Þ ¼ qþd r � r0ð ÞH1ðtÞ

where H1 (t) is the Heaviside function and r is the radial coordinate.
Following the dielectric formalism and specular reflection

model, developed in Ref. [7], the induced potentials in the medium
(M) and the vacuum (V) are given by:

/M
indðk;xÞ ¼ FM;b

q�
þ FM;s

q�
þ FM;b

qþ
þ FM;s

qþ
ð4aÞ

/V
indðk;xÞ ¼ FV ;s

q�
þ FV ;s

qþ
; ð4bÞ

where analytical expressions for the F functions are given in the
Appendix A.

Remembering that the energy loss due to plasmon excitation is:

dW=dt ¼ Zq:@Uindðr; tÞ=@tjr¼zþvt

where Uind(r,t) is the potential induced in the medium by the exter-
nal charges (electron plus holes) [7–9], the total energy dissipation
rate due to the fields acting on the emitted electron is:

_W ðqÞ
dis ¼ Zq

@/indðr; tÞ
@t

¼ �iZq
Z

d3k

ð2pÞ3
Z

dx
2p

x/indðk;xÞeiðk:r�xtÞ

�����
r¼rZ ðtÞ

ð5Þ

where Zq is the charge of the external particle (hole or electron).
Here q = �e for the electron, q = e for the photoionization and
q = 2e for the Auger process for the charge of the hole.

3. Results

In order to characterize the alloy we have to obtain the param-
eter rs of it. As the electronic density is dependent of the parameter
rs, it is critical to determine it for the alloy as a whole.

From Eq. (2) the plasma frequency of the alloy was determined
establishing a relationship between the composition of the alloy
and plasma frequencies of the pure materials that compose it.

That is, according to this Eq. as follows:

xFeSi
p ¼ ð%FeÞ:xFe

p pFeþ ð%SiÞ:xxSi
p ð6Þ

(with % meaning either the atomic or weight percentage).
We have to noticed that much experimental evidence will be

necessary to find a simple relationship linking xp with the compo-
sition, such as the measurement on Fe–Si films with different
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Fig. 1. Energy loss in Auger process for a photoelectron traveling pure Si and Fe,
comparing with the Fe–Si alloy. Fig. 2. Dimensionless electronic bulk density q excited due to AES (points) and XPS

(continued line) processes vs. dimensionless characteristic distance from the
surface of Fe–Si alloy. The emitted electron has a velocity v = 4 a.u. C1 is the
concentration of the solute at infinite dilution and b = rs

Fe/rs
Si is the rate of the

parameter rs of each element of the alloy.

J.L. Gervasoni et al. / Nuclear Instruments and Methods in Physics Research B 354 (2015) 313–316 315
percentages of Fe and Si, and also taking into account the thermo-
dynamic characteristics of each composition of the alloy such as
the formation and stability of phases, the diffusion of the com-
pounds in the matrix, the structure with which the alloy is formed,
etc. The present work is only a first approximation to the problem,
where these variables have not yet been incorporated. In this sys-
tem the solubility of silicon in iron is very low (it is at most 11at.%).
It is also an alloy with no metastable intermetallic phases. More-
over, the diffusion of alloying does not seem to be something to
consider since, although iron is a metal whose melting point is
low compared with other metals, diffusive processes in Fe–Si are
around 550 �C [15]. Since the analysis was carried out at room tem-
perature, silicon diffusion into the matrix of Fe was not taken into
account.

Replacing Eq. (2) in Eq. (3), we obtain for the Fe–Si alloy:
rs

Fe–Si = 4.57 a.u.
Finally, we have the energy loss due to plasmon excitations,

taking into account the contribution of the electron (e), its image
(e0), the hole (h) and its image (h0):
dW
dt

����
l
¼ dW=dtjle þ dW=dtjlh þ dW=dtjle0 þ dW=dtjlh0 ; ð7Þ
being l: Auger or XPS process.
In order to compare both (X-ray photoemission and Auger elec-

tron emission), we consider only internal emission, following the
development did in Refs. [19–22], applying our results to Fe–Si
alloy.

We evaluate the time dependence of dW/dt (Eq. (7)) for an
electron emitted with a velocity u = 4 a.u. The electron–hole pair
is created at a depth r = r0 = 0 inside the metal. We replace the
induced potential of Eqs. (4a) and (4b) in the energy loss (Eq. (7)).

In Fig. 1 we plot different cases of Auger process, corresponding
to pure Fe and Si, comparing with the compound formed by these
two elements.

In studies of electron emission in XPS, the contribution of the
pure and alloy elements are quite similar to Auger contributions.

In Fig. 2 we show the results of electronic density for the Fe–Si
alloy. It is interesting to observe that the importance of the hole is
neglectable with respect to the elements Fe and Si separately. It is
only due to the effect of the two final state holes in the Auger pro-
cess (however, these differences do not depend on the energy of
the emitted electron).
4. Concluding remarks

In summary, we have used the dielectric function formalism
and the specular reflection model, together with the pseudo-
extended medium, for comparing the excitation of plasmons dur-
ing the emission of electrons in the proximity of a solid surface
of a Fe–Si alloy, in order to investigate in detail the different con-
tributions to the processes of photoemission and Auger electron
emission, comparing with the pure elements Fe and Si.

Our results for the energy loss and electronic density show that
this particular alloy can be treated using the same approximation
as for the pure elements Fe (metal) and Si (semiconductor). For
the case of excitation of plasmons the single-pole approximation
can be used, although with a finite damping [23]. Moreover, we
note that our general formulation of the problem through the
dielectric approach also enables the study of the effects arising
from different response functions (different materials).

From this result, we find some novel structures that are under
discussion.

The method described here is useful for studying multiple plas-
mon excitations and for understanding the electron spectra excited
from these alloy structures.

The plasmons leave a mark in the X-ray photoelectron and
Auger electron spectrum (XPS and AES), which poses a challenge
to the automatic spectra analysis. The results of the study are
directly used to properly instruct the software to interpret the
information correctly.

The application of this formalism to cases of experimental
interest in AES and XPS, as well as the study of other forms of
the system, as nanospheres and nanotubes is under way.
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Appendix A.

According to the general formulation presented in the begin-
ning of this paper and in Ref. [7], the different contribution to
the induced potential in Eq. (5) are
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