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Effective energy loss functions of Mo and Ta derived from reflection
electron energy loss spectra

T. Chen a, Z.M. Zhang b,∗, Z.J. Ding a, R. Shimizu c, K. Goto d

a Hefei National Laboratory for Physical Sciences at Microscale, Department of Physics, University of Science and Technology of China,
Hefei, Anhui 230026, PR China

b Department of Astronomy and Applied Physics, University of Science and Technology of China, Hefei, Anhui 230026, PR China
c Department of Information Science, Osaka Institute of Technology, Osaka 573-0196, Japan

d Department of Systems Engineering, Nagoya Institute of Technology, Nagoya 466-8555, Japan

Received 13 January 2007; received in revised form 6 March 2007; accepted 10 March 2007
Available online 15 March 2007

Abstract

Effective energy loss functions (EELF) of Mo and Ta were derived from reflection electron energy loss spectroscopy (REELS) spectra measured
at different primary energies using extended Landau approach. The plasmon behaviors and fine structures of energy losses presented in the energy
loss function are analyzed. For EELF of Mo, the peak at 9.9 eV is a composition of bulk plasmon at 10.4 eV and surface plasmon at 9.5 eV, and
the other peak at 22.4 eV is made of bulk plasmon at 24.4 eV and surface plasmon at 19.8 eV. As for Ta, the peak at 19.7 eV is contributed by bulk
plasmon at 20.8 eV and surface plasmon at 8.4 eV. The EELF thus includes both the surface effects and bulk excitation, where surface excitation
is important mainly at low energy losses; the competition between surface and bulk excitation modes is analyzed for varied primary energy. The
Monte Carlo simulated REELS spectra with the derived EELF agree well with the experimental results.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Energy loss processes of signal electrons in surface sensitive
electron spectroscopies, such as X-ray photoelectron spec-
troscopy (XPS) and reflection electron energy loss spectroscopy
(REELS), have been attracting much attention. When a primary
electron impinges and penetrates into a solid or a signal electron
escapes, it suffers certain energy loss through inelastic scattering
process both inside the solid and in the surface/vacuum region
before either being detected as signals or coming to rest inside
the solid by losing all of its kinetic energy.

Theoretical treatments to the inelastic scattering process and
the energy loss spectra of emitted electrons were based on dielec-
tric response theories [1–3]. Yubero et al. have developed a
simple model to calculate the effective cross-sections in order
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to determine inelastic scattering sections from REELS spectra
[4,5]. Many authors have pointed out that, without considering
surface effect a large discrepancy would exist when comparing
theoretical and experimental spectra of low losses and particu-
larly for low primary energies [6–8]. Surface excitation effect is
important for quantitative surface analysis and for experimental
evaluation of electron inelastic mean free paths (IMFPs) from
elastic peak spectroscopy.

A variety of theoretical and experimental studies on the sur-
face excitation phenomenon have been reported [9,10,13,14],
with different levels of complexity for evaluation and quantifi-
cation of surface effects. Chen et al. have taken into account
additional inelastic scattering probability due to surface effect
by use of a surface excitation parameter (SEP) [9]. Ding and
co-worker have also investigated the surface effect in surface
electron spectroscopy with a formalism of electron self-energy
[10–12]. Werner has extracted SEP from experimental REELS
spectra of several metals and semiconductors at medium primary
energies by decomposing REELS spectra into contributions
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from surface and bulk excitations; surface excitation compo-
nent was obtained by means of a combined elimination-retrieved
algorithm, and, exact reversion of a bivariate power series in
his treatments [14,15]. Although these methods describe exper-
imental results quite well, they are generally very complex and
expatiatory in form and, thus, are hardly applicable to practical
analysis.

On the other hand, Yoshikawa et al. obtained an effective
energy loss function (EELF) which contains both the surface
and bulk excitations from the measured REELS spectra by an
extended Landau approach [7,16]. The EELF including surface
and bulk excitations is convenient for use in practice. Further-
more, instead of iterative deconvolution method that used by
Yoshikawa et al. Zhang et al. obtained a formula for numeri-
cal multi-fold self-deconvolution so that the EELF can be more
easily evaluated from a measured REELS spectra [8].

In this paper, the EELFs of Mo and Ta are obtained by this
extended Landau approach. They are then compared with the-
oretical surface and bulk energy loss functions derived from
the optical constant. In order to verify the derived EELF the
REELS spectra are reproduced by a Monte Carlo simulation
with EELF. Finally, the competition between surface and bulk
excitation modes as presented in EELF is analyzed for varied
primary energy.

2. Theoretical

The EELF can be derived from a measured REELS spectrum
using the extended Landau method. Landau formulation in the
Fourier space of the energy is represented as

J̃(s) = F̃ (s)
∞∑

n=0

αn[λinK̃(s)]n (1)

where J̃(s), F̃ (s), K̃(s) are the Fourier transforms of the mea-
sured REELS spectrum J(E), the energy distribution of primary
electrons F(E), and the differential inverse inelastic mean free
path (DIIMFP) K(�E), where �E is the energy loss, respec-
tively. λn is the IMFP, s the Fourier parameter conjugate to
the energy, αn the correction factor for taking into account the
elastic scattering effect and n is the number of inelastic scatter-
ing events. Correction factor αn determines how the electrons
undergoing inelastic scattering events in a sample contribute
to the REELS spectrum. The term [λinK̃(s)]n represents the
contribution to the spectrum of the detected electrons suffer-
ing n-fold inelastic scattering events before emission from the
sample surface.

Using the experimental J̃(s) and F̃ (s) and the theoretical
value of αn, K̃(s) or K(�E) is then derived from Eq. (1). The
absolute value of the DIIMFP is determined by the following
equation:∫ ∞

0
λinK(�E)d(�E) = 1 (2)

In the present study, we used the reference IMFP val-
ues reported by Tanuma et al. [17]. Finally, the EELF,
Im{−1/εeff(ω)}, is numerically obtained by solving the follow-

ing integration:

K(�E) = 1

2πa0E

∫ ∞

0

h̄ω

�E(�E − h̄ω)
Im

{ −1

ε(ω)

}
d(h̄ω)Θ

×
[

h̄2

2m
(2kq̄ − q̄2) − �E

]
(3)

where �E and �ω represent the energy loss of an electron while
�ω is an integration variable, a0 the Bohr radius, E the elec-
tron kinetic energy and Θ(x) is the step function representing
the momentum and energy conservation laws. The above equa-
tion is derived [18] by extending the ω-dependent optical energy
loss function, Im{−l/ε(ω)}, into (q, ω)-space with Penn’s algo-
rithm [2]. h̄q̄ is the momentum transfer satisfying the following
dispersion relation:

�E = h̄ω + (h̄q̄)2

2m
(4)

Using the optical dielectric constants ε(ω), Eq. (3) yields just
the DIIMFP for bulk excitation. The function Im{−1/εeff(ω)}
derived by the present extended Landau approach, however,
should include all energy loss processes in which not only bulk
excitation but also surface excitation is involved. This is the
reason it is called the EELF.

3. Experimental

The REELS spectra were measured with a cylindrical mir-
ror analyzer (CMA) equipped with a coaxial electron gun. In
this system, signal electron current was measured with a Fara-
day cup. The energy resolution of the system is �E/E = 0.25%.
The measurement was performed at primary energies of 500,
1000, 1500 and 2000 eV electrons impinging on Mo and Ta sam-
ples at normal incidence. The samples surface was cleaned by
250–300 eV Ar+ sputtering. Details of the measurement system
have been described elsewhere [19]. CMA only detects those
electrons coming into the solid corn by the angular aperture
from 36.3◦ to 48.3◦. Hence, the Monte Carlo simulation was
performed to match exactly the experiment by counting only
those reflected electrons that are detected by the CMA.

4. Results and discussion

Fig. 1 shows the measured REELS spectra for Ta and Mo at
the primary energy of 1 keV. Several peaks appear in the spectra
for the two types of transition metals due to the non-localized d
electrons. REELS spectrum for monochromatic primary energy
is then obtained by a deconvolution with a Gaussian elastic
peak shape, using the numerical formula for extended Lan-
dau approach as described by Zhang et al. [8,20]. The EELFs
extracted from these experimental REELS spectra are shown in
Fig. 2 and are compared with the surface energy loss function
(SELF), Im{−1/[1 + ε(ω)]}, and the bulk energy loss function
(BELF), Im{−1/ε(ω)} that obtained from optical dielectric con-
stants [21]. It is easily seen that the EELF includes both surface
and bulk excitations. The surface effect dominates at low energy
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