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The results of the investigation of the inelastic interaction of medium-energy electrons with the Ni sur-

face were described. The inelastic mean free path (IMFP), the surface excitation parameter (SEP) and the 
differential SEP (DSEP) were deduced simultaneously from an absolute reflection electron energy loss 
spectroscopy (REELS) spectrum. The present IMFPs show a good agreement with those calculated using 
the TPP-2M predictive equation. The dependence of the SEPs on the electron energy is similar to that cal-
culated using Werner’s and Gertgely’s predictive equations. The DSEPs show a reasonable agreement with 
the theoretical DSEPs calculated using Tung’s theory with optical data. The derived IMFP, SEP and DSEP 
were applied to Monte Carlo simulation of REELS spectra, in which energy loss processes of signal elec-
trons due to surface excitations were taken into account. The simulated REELS spectra reproduce the ex-
perimental absolute REELS spectra well without any fitting parameters, indicating that surface excitations 
play an important role in the inelastic interaction of medium-energy electrons with the solid surface. 

 
 
1. Introduction 

Quantitative information on the inelastic interaction of 
electrons with the solid surface has been important issue 
for quantitative surface chemical analysis by means of 
X-ray photoelectron spectroscopy (XPS), Auger electron 
spectroscopy (AES) and reflection electron energy loss 
spectroscopy (REELS). The inelastic mean free path 
(IMFP) is one of the most important parameters for 
quantification, which describes the decay of the peak 
intensity by inelastic interactions in solids. Recently, 
surface excitations have been proven to play an impor-
tant role in inelastic interactions between electrons and 
solid surfaces. Surface excitations also cause the decay 
of the intensity of signal electrons during their transport 
in solids. The decay due to surface excitation is usually 
described by the surface excitation parameter (SEP) 
[1,2]. 

The interaction of electrons with the solid surface has 

been intensively studied, and the determination of pa-
rameters such as the IMFP and SEP has been performed 
using experimental and theoretical approaches. One of 
the most widely used experimental approaches for such 
studies is the elastic peak electron spectroscopy (EPES) 
analysis [1,3-6]. Another experimental approach is the 
REELS analysis [7-13]. Both experimental approaches 
are found to be effective for determining IMFP and SEP. 

The EPES analysis requires a reference material and 
the IMFP or SEP as input data for determining the SEP 
or IMFP. The REELS analysis does not require any ref-
erence material and can determine the differential SEP 
(DSEP) describing energy loss probability due to single 
surface excitation event in addition to SEP or IMFP. 
However, the REELS analysis also requires the IMFP or 
SEP as an input data. Recently, a procedure for deter-
mining the differential inelastic mean free path (DIMPF) 
and DSEP from two REELS spectra using the elastic 
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cross section and an estimate for the IMFP as input pa-
rameter [14] has been proposed. The authors have also 
been involved in the study on the interaction of electrons 
with solid surface [15-19], and recently proposed an 
analytical approach to determine simultaneously the 
IMFP, SEP and DSEP with absolute units from on abso-
lute REELS spectrum [20,21]. The proposed approach 
requires only the normalized DIMFP and the elastic 
scattering cross section as input parameters. 

With respect to the theoretical approach for studying 
the interaction of electrons with solid surfaces, theoreti-
cal studies based on the dielectric response of solid to 
external charged particles has been intensively performed 
[15,22-25]. Another powerful theoretical approach for 
understanding the interaction of electrons with the solid 
surface is Monte Carlo (MC) simulation of an electron 
spectrum. However, most of the MC simulations of elec-
tron spectrum do not take into account the surface exci-
tation, and only a few MC simulation codes take it into 
account [24]. The authors investigated simple modeling 
of MC simulation of the REELS spectrum by taking into 
account energy loss processes by surface excitations [26]. 
In the developed MC simulation, the IMFP, SEP and 
DSEP determined by the REELS analysis can be used for 
describing the inelastic interactions of electrons with 
solids. 

In the present paper, the results of the investigation of 
the inelastic interaction of medium-energy electrons with 
the Ni surface using the analytical approach proposed by 
the authors were described. The determined IMFP, SEP, 
and DSEP are discussed by comparing with those calcu-
lated by predictive equations and/or theory. The results 
of the application of those parameters to the MC simula-
tion of the REELS spectra were also described. 

 
2. Experimental 

All experiments were performed using a noble cylin-
drical mirror analyze (CMA) developed by one of the 
authors (K.G.) [27]. The CMA equipped with a Faraday 
cup as a detector, and provides the absolute current of 
signal electrons. The base pressure of the apparatus was 
2×10-8 Pa. The sample was a polycrystalline Ni, and its 
surface was cleaned by sputter cleaning using 250-300 
eV Ar+ ions. The primary energy of electrons for the 
REELS measurement was varied from 300 to 3000 eV. 
The beam current was 1 μA. The incident and detection 

angles of electrons were the surface normal and 42.3±6°. 
The energy resolution was 0.25%. The transmission 
function of the CMA used for the correction of the inten-
sity scale of spectra was that estimated by the measure-
ment of the transmission of light [1]. The experimental 
setup is detailed elsewhere [1]. 

 
3. Analytical approach 

In the present analytical approach, the IMFP, SEP and 
DSEP are simultaneously determined from an absolute 
REELS spectrum. The approach is based on the Landau 
theory [28] originally describing the energy losses of 
electrons in solids when the angular deflection of elec-
trons can be neglected. The Landau theory can be ex-
tended by taking into account angular deflections of 
moving electrons by elastic scattering and energy losses 
by surface excitations, and may be given by [20,21] 
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where J(s) and F(s) are the Fourier transforms of a 
measured REELS spectrum J(E) and the energy distribu-
tion of primary electrons F(E). s is the Fourier parameter 
conjugate to the energy E. The first and second Σ terms 
with respect to the summation over m and l describe the 
transport of electrons in the bulk and energy loss proc-
esses by surface excitations, respectively. 

m in the first Σ term is the number of bulk excitation 
events and αm describes the probability that electrons 
participate in m-fold bulk excitation events in solids. λb 
is the IMFP and Kb(s) is the Fourier transform of the 
DIMFP for bulk excitation K(ΔE), where ΔE is the en-
ergy loss. K(ΔE) satisfies the following relation with λb

( ) ( )            (2) 

l in the second Σ term is the number of surface excita-
tion events and Ps

total,l is the probability that electrons 
participate in l-fold surface excitation events. Note that 
l>2 is even possible since an electron can participate in 
surface excitation events more than twice when it cross 
the surface once [29], though the possibility is very low 
as confirmed in Fig. 5 below. Ps

in and Ks
in(s) are the SEP 

and the Fourier transform of the DSEP Ks
in(ΔE) for in-

coming electrons. Ps
in and Ks

in(ΔE) satisfies, 
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where l=lin+lout, and lin and lout are the number of surface 
excitation events undergone by a signal electron on its 
incoming and outgoing trajectories, respectively. θin and 
θout are the incident and emission angle of the signal 
electron, respectively. 

In the present analysis, a REELS spectrum is 
self-consistently deconvoluted into components relevant 
to electrons participating in m-fold bulk (m=0, 1, 2, …) 
and l-fold surface (l=0, 1, 2, …) excitation events using 
eq. (1). A REELS spectrum, J(E), is obtained by correct-
ing the intensity of the REELS spectrum using the 
transmission function. The energy distribution of primary 
electrons, F(E), is deduced from the elastic peak of the 
REELS spectrum. The DIMFP, K(ΔE), is calculated us-
ing the dielectric response theory [30] with the Penn’s 
algorithm [31] based on the Ritchie-Howie algorithm 
[32] for the extension of the ω-dependent energy loss 
function to the momentum-energy loss space, 
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where a0 is the Bohr radius, Θ(x) is the step function 
representing the lows of momentum and energy conser-
vation. qh  is the momentum transfer satisfying

mqE 20 hh +=Δ ω
22              (7) 

The energy loss function was calculated from optical 
data [33]. Then, the normalized DIMFP, λbK(ΔE), is ob-
tained by multiplying K(ΔE) by λb. 

For deconvolution procedure, the path-length distribu-
tion, dη/dx, is calculated by MC simulation, in which 
only the angular deflection by elastic scattering is taken 
into account (Model I below). Using dη/dx, αm is calcu-

lated by 
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Using experimentally obtained J(s) and F(s), and cal-
culated λbK(ΔE) and αm, Ps

in and Ks
in(ΔE) are uniquely 

determined by deconvolution according to eq. (1). How-
ever, Ps

in and Ks
in(ΔE) obtained at this stage of the analy-

sis does not satisfy the physically defined eq. (3). There-
fore, as the next step of the analysis, λb. is modified, and 
Ps

in and Ks
in(ΔE) are deduced again using modified αm in 

the same manner. Modifying λb and deducing Ps
in and 

Ks
in(ΔE) are repeated as iterative procedures until the 

deduced Ps
in and Ks

in(ΔE) satisfy eq. (3). Finally, λb, Ps
in 

and Ks
in(ΔE) are self-consistently determined. Details of 

the present absolute REELS analysis and several as-
sumptions made for the theoretical approach are de-
scribed elsewhere [20,21]. 

Note that the more detailed transmission function of 
the CMA has just been reported by one of the authors 
(K.G.) [34]. The difference in the transmission function 
between that used in the present study basing on the op-
tical measurement and that more precisely measured us-
ing mini electron gun may introduce significant differ-
ence in the obtained SEP when the SEP is determined 
from only the absolute elastic peak intensity [35]. In 
contrast, the SEP obtained by the present analysis might 
not be affected significantly since both SEP and IMFP 
were determined simultaneously and the background of 
spectra is also used as well as the elastic peak. Further 
investigation using the newly measured transmission 
function is underway. 

 
4. Monte Carlo simulation 
4.1. Model I (only elastic scattering) 

For calculating the path-length distribution, dη/dx, re-
quired for the REELS analysis, the electron trajectories 
are simulated by taking into account only the elastic 
scattering as the type of scattering. The step length Λ 
between two successive elastic collision events is deter-
mined by an uniform random number R1∈[0,1] within 
the scheme of the Poisson stochastic process as, 

( 1elastic ln Rλ−=Λ )               (9) 

where λelastic is the elastic mean free path. 
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The scattering angle φ is determined by the random 
number R2 as 

∫

∫
′

′

′
′

=
π

φ

φ
φ

σ

φ
φ

σ

0
elastic

0
elastic

2

d
d

d

d
d

d

R               (10) 

where dσelastic/dφ is the differential elastic scattering 
cross section. The elastic mean free path and differential 
elastic scattering cross section were calculated using 
Mott cross sections calculated with the partial-wave ex-
pansion method using the Thomas-Fermi-Dirac potential 
[36-38]. 

 
4.2. Model II (with inelastic scattering) 

In Model II, the inelastic scattering due to both bulk 
and surface excitations are taken into account as the type 
of scattering in order to simulate REELS spectra. The 
step length Λ between two successive collision events in 
the bulk is determined using eq. (11) instead of (9) 
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where λtotal is the total mean free path given by, 

.              (12) 

The type of scattering is determined by another ran-
dom number R4 as 
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When the type of scattering is the elastic collision, the 
scattering angle is determined as that in Model I de-
scribed above. When the type of scattering is the inelastic 
collision, the amount of the energy loss ΔE by bulk exci-
tation is determined by 
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Details of the MC modeling of REELS spectra, where 
only bulk excitations are taken into account as inelastic 
collisions, are described elsewhere [39,40]. 

In order to describe energy losses by surface excita-
tions in MC simulation, the Poisson stochastic process 
was assumed. Signal electrons undergo surface excita-
tions when they cross the surface on their incoming and 

outgoing ways. The numbers of surface excitation events 
experienced by incident and backscattered electrons 
crossing the surface on their incoming and outgoing tra-
jectories, Lin and Lout, respectively, are determined by 
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Pl
k is the probability that the electron participates in 

l-fold surface excitation events on its incoming (k=in) 
and outgoing (k=out) trajectories. Pl

k satisfies the relation 
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and expressed using SEP for incoming and outgoing 
electrons, Ps

in and Ps
out, by 
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The amount of the energy loss ΔE by a single surface 
excitation event is determined using 
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Here, Ps
in and Ps

out, and Ks
in(ΔE) and Ks

out(ΔE) are as-
sumed to satisfy the relations 
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In the case of the multiple surface excitation (Lin≥2 or 
Lout≥2), the total amount of energy loss due to Lk-fold 
surface excitation events is calculated by repeating the 
calculation of eq. (18) Lk times. 

In the model II of the MC simulation, the values of the 
IMFP λb, SEP Ps

k and DSEP Ks
k(ΔE), are described by 

those absolutely determined by the present REELS 
analysis. During the transport of a signal electron in sol-
ids, the mean free path, elastic cross section, DIMFP, 
SEP and DSEP are changed depending on the kinetic 
energy of the electron. In the present MC simulation, 
however, we significantly reduced the calculation time 
by assuming that the values of those parameters for the 
certain primary energy can be used during calculating a 
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REELS spectrum at the corresponding primary energy. 
As observed later, this is a reasonable assumption since 
we simulated REELS spectra for the maximum energy 
loss of 50 to 100 eV depending on the primary energy, 
which is small enough to regard those parameters to be 
independent on the kinetic energy of electrons. 

 
5. Results and discussion 

Figure 1 shows response functions and their deconvo-
lution into components due to m-fold bulk and l-fold 
surface excitations. The response function was obtained 
by the inverse Fourier transform of J(s)/F(s), which cor-
responds to the energy loss distribution for one primary 
electron. It is found that the relative contribution of the 
components due to surface excitations (s1 and s2) is lar-
ger than those due to bulk excitations (b1 and b2) for the 
lower primary energy. The energy loss processes in the 
low-energy loss region near the elastic peak is dominated 
by surface excitations for low-energy electrons. Note that 
the lower order components with m+l≤2, in particular, 
those due to single surface (s1, m=0 and l=1) and single 
bulk (b1, m=1 and l=0) excitations, form most of the en-
ergy loss spectra in the energy loss region of 0-40 eV 
near the elastic peak, which is important for background 
subtraction in quantitative analysis. 

In Fig. 2, the IMFP determined by the present analysis, 
λb

pre, is compared with that calculated by the TPP-2M 
predictive equation [41], λb

TPP-2M. The plots of the per-
centage difference of λb

pre from λb
TPP-2M calculated by 

[42]   

( ) 2M-TPP
b

2M-TPP
b

pre
bb 100 λλλλ ×−=Δ       (21) 

is also shown. The agreement between λb
pre and λb

TPP-2M 
is found to be fairly good. Δλb is slightly positive at low 
energies and negative for high energies. For further 
quantitative comparison of λb

pre and λb
TPP-2M, the 

root-mean-square (RMS) difference Δλb
RMS was calcu-

lated. Δλb
RMS is defined as [42] 

( )∑
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where r is the number of IMFP data values, and was cal-
culated to be 3.1 Å,. Thus, Δλb

RMS value indicates that 
the IMFPs deduced from the present absolute analysis 
agree reasonably well with the theoretical predictions, 

confirming that the present approach is effective for the 
experimental determination of IMFPs.  

 
 

 

Fig.1. Response functions of REELS spectra for Ni and their 
deconvolution into components relevant to m-fold bulk and 
l-fold surface excitations at primary energies of (a) 300 and (b) 
2000 eV. The components satisfying m+l≤2 are shown. The 
components corresponding to m+l=2 are multiplied by a factor 
of 4. Single surface excitation (s1, m=0 and l=1): thick solid 
line. Single bulk excitation (b1, m=1 and l=0): thin solid line. 
Twofold surface excitation (s2, m=0, l=2): thick dotted line. 
Twofold bulk excitation (b2, m=2 and l=0): thin dotted line. 
Single surface and single bulk excitations (b1s1, m=1 and l=1). 

 
 

 
Fig. 2. IMFPs determined by the present analysis λb

pre (solid 
circles). Open circles represent the IMFPs calculated using the 
TPP-2M predictive equation, λb

TPP-2M. Δλb is the percentage 
difference between the present IMFPs and those calculated 
using the TPP-2M equation. 
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Figure 3 shows plots of the SEPs deduced by the pre-
sent REELS analysis. The present SEPs are fitted with 
the simple Chen equation [2], 

⎟⎟
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outin
s cos

1
cos

1
θθE
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This fit gives a=4.3 (eV1/2) with an RMS deviation of 
0.038, as plotted by the thick solid line. It is found that 
the present SEPs show reasonable agreement with those 
calculated using predictive equations of the SEP in Ni 
reported by Werner [43] and Gergely [44]. Note that 
plots in Fig. 5 show a slightly complicated dependence 
on the energy rather than the straight line in log-log plot 
that expected from the theoretical prediction. For better 
comparison with other predictive equations and for a 
more simple formula for the correction, fitting to the 
simple Chen’s equation was performed.   
 
 

 
Fig. 3. SEPs deduced by the present analysis. Thin dotted and 
long dash lines represent the SEPs calculated using Werner’s 
equation [43] and Gergely’s equation [44], respectively. The 
thick solid line shows the fitted curve [eq. (22)]. 
 
 

Figure 4(a) shows the DSEP for incoming electron, the 
incident angle of which is 0°, obtained by the present 
analysis for electrons of 300, 800 and 1200 eV. For 
comparison, the DSEPs theoretically calculated using 
Tung’s model [45] are shown in (b). For the theoretical 
calculation, the dielectric function modeled by fitting a 
Drude-Lindhard type of expansion to optical data [45] 
was used. The fitting parameters for Ni are listed in the 
literature [21]. The DIMFPs, the intensity of which, i.e., 
the IMFP, was determined by the present study, are also 

shown in (c). A comparison between (a) and (b) reveals 
that the present DSEP shows the fairly good overall 
agreement with the theoretical prediction. In both figures, 
the most probable energy loss by single surface excita-
tion is found to be approximately 7.5 eV. A comparison 
between (b) and (c) indicates the energy loss processes in 
the low-energy loss region is dominated by surface exci-
tations. Differences between the present DSEPs and 
theoretical results are observed for energy losses larger 
than 15 eV. This might be due to the deficiencies in the 
optical data used for the calculation of the normalized 
DIMFP and for parameterization of the model dielectric 
function [21].   

 
 

 
Fig. 4. (a) DSPEs obtained by the present study. (b) DSEPs 
calculated using Tung’s model [45]. (c) DIMFPs determined in 
the present study. The primary energy of electrons are 300, 800 
and 1200 eV. 

 
 
Figures 5(a) and (b) show the probability αmPs

total,l of 
primary electrons of 300 and 2000 eV participating in 
m-fold bulk and l-fold surface excitations in the present 
REELS measurement. The contribution of multiple sur-
face excitation events (l≥2) is higher for the lower pri-
mary energy. The contribution of twofold surface excita-
tion events is ~20% of that of l=0 for 300 eV, and de-
creases to only a few % for 2000 eV. These results indi-
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cate that the contribution of surface excitations strongly 
depends on the energy of signal electrons. This primary 
energy dependence reveals that care concerning surface 
excitations is required for the improvement of the accu-
racy of quantification using surface electron spectros-
copy.   

 
 

 
Fig. 5. Probability of electrons participating in m-fold bulk and 
l-fold surface excitation events in the present REELS meas-
urement. The primary energy of electrons are (a) 300, (b) 2000 
eV, respectively. 

 
 
Figure 6 shows the REELS spectra calculated using 

the present MC simulation with Model II, where energy 
losses by surface excitations are taken into account. For 
comparison, the experimental spectra and those simu-
lated without taking into account surface excitations are 
shown. It is confirmed that the present MC simulation 
with Model II reproduces the absolute intensity of both 
the elastic peak and the background very well without 
any fitting parameters. The same degree of the agreement 
was observed for all other REELS spectra obtained at 
different primary energies. In contrast, the MC simula-
tion without surface excitations significantly overesti-
mates the elastic peak intensity. The background inten-

sity near the elastic peak, where contribution of energy 
losses by surface excitations is significant, are underes-
timated. These results suggest that quantitatively under-
standing of AES and XPS spectra requires information 
on energy loss processes due to surface excitations in the 
energy loss region near the elastic peak. 

 
 

 
Fig. 6. REELS spectra simulated by MC simulation, in which 
energy loss processes by surface excitation is taken into ac-
count (thick solid line). The primary energies of electrons are 
(a) 300 and (b) 2000 eV. Thin solid line shows the experimen-
tal absolute REELS spectra. Dotted line represents the simu-
lated spectra without taking into account surface excitations. 
The experimental spectra and spectra simulated without surface 
excitation were shifted towards the lower energy side for better 
comparison. The spectra simulated without surface excitations 
are multiplied by the factor of 0.5 for better comparison of the 
overestimated elastic peak intensity. Insets show the back-
ground of the spectra on an enlarged scale. 

 
 
Note that the simulated spectra tend to underestimate 

the intensity of the background at the tail of the elastic 
peak at the lower energy side. This tendency is signifi-
cant for the lower primary energy. This is attributed to 
the uncertainty in the elastic peak profile. The higher the 
primary energy is, the smaller the underestimation is, 
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since fine loss structures are smeared out at higher pri-
mary energies because of the lower energy resolution. It 
should be noted that the underestimation of the elastic 
peak intensity observed in Fig. 5(a) is less than 1%, 
causing almost no error in quantification.    

 
6. Summary 

The analytical approach to deduce the IMFP, SEP and 
DSEP from an absolute REELS spectrum and the results 
of the analysis are outlined. The results of the application 
of the obtained IMFP, SEP and DSEP to MC simulation 
of REELS spectra are also described. The present ap-
proach is one of the powerful approaches to experimen-
tally determine absolutely the IMFP, SEP and DSEP for 
medium-energy electrons. The investigation of the 
REELS spectra by MC simulation is also effective to 
understand the interaction of medium-energy electrons 
with solid surface. Further investigation using the present 
analytical approach with the newly measured transmis-
sion function [34] is underway. 

 
7. References 
[1] S. Tanuma, S. Ichimura, and K. Goto K, Surf. 

Interface Anal. 30, 212 (2000). 
[2] Y. F. Chen, Surf. Sci. 519, 115 (2002).   
[3] J. Zemek, P. Jiricek, B. Lesiak, and A. Jablonski, Surf. 

Sci. 531, L335 (2003).  
[4] G. Gergely, M. Menyhard, S. Gurban, J. Toth, and D. 

Varga, Surf. Interface Anal. 36, 1098 (2004).  
[5] G. Gergely, M. Menyhard, S. Gurban, J. Toth, and D. 

Varga, Surf. Interface Anal. 36, 1098 (2004).  
[6] S. Gurban, G. Gergely, J. Toth, D. Varga, A. Jablonski, 

and M. Menyhard, Surf. Interface Anal. 38, 624 
(2006).  

[7] W. S. M. Werner, W. Smekal, C. Tomastik, and H. 
Störi, Surf. Sci. 486, L461 (2001). 

[8] W. S. M. Werner, Surf. Sci. 526, L159 (2003).  
[9] W. S. M. Werner, Surf. Interface Anal. 35, 347 

(2003).  
[10] W. S. M. Werner, L. Köver, S. Egri, J. Tóth, and D. 

Varga, Surf. Sci. 585, 85 (2005).  
[11] G. Gergely, M. Menyhard, S. Gurban, A. Sulyok, J. 

Toth, D. Varga, and S. Tougaard, Solid State Ionics 
141-142, 47 82001).  

[12] G. Gergely, M. Menyhard, S. Gurban, A. Sulyok, J. 
Toth, D. Varga, S. Tougaard, Surf. Interface Anal. 

33, 410 (2002).  
[13] S. Gurban, G. Gergely, M. Menyhard, J. Adam, A. 

Adamik, Cs. Daroczi, J. Toth, D. Varga, A. Csik, 
and S. Tougaard, Surf. Interface Anal. 34, 206 
(2002).  

[14] W. S. M. Werner, Phys. Rev. B 74, 075421 (2006).   
[15] T. Nagatomi, R. Shimizu, and R. H. Ritchie, Surf. 

Sci.419, 158 (1999). 
[16] T. Nagatomi, Z. J. Ding, and R. Shimizu, Surf. Sci. 

359, 163 (1996). 
[17] T. Nagatomi, T. Kawano, H. Fujii, E. Kusumoto, 

and R. Shimizu, Surf. Sci. 416, 184 (1998). 
[18] T. Nagatomi, T. Kawano, and R. Shimizu, J. Appl. 

Phys.83, 8016 (1998).  
[19] T. Nagatomi, R. Shimizu, and R. H. Ritchie, J. Appl. 

Phys. 85, 4231 (1999).  
[20] T. Nagatomi and K. Goto, Appl. Phys. Lett. 87, 

224107 (2005).   
[21] T. Nagatomi and K. Goto, Phys. Rev. B 75, 235425 

(2007).   
[22] Y. F. Chen and Y. T. Chen, Phys. Rev. B 53, 4980 

(1996).  
[23] C. M. Kwei, C. Y. Wang, and C. J. Tung, Surf. In-

terface Anal. 26, 682 (1998). 
[24] Z. J. Ding, H. M. Li, Q. R. Pu, Z. M. Zhang, and R. 

Shimizu, Phys. Rev. B 66, 085411 (2002).  
[25] F. Yubero and S. Tougaard, Phys. Rev. B 71, 045414 

(2005). 
[26] T. Nagatomi and K. Goto, Surf. Interface Anal. 

(submitted).  
[27] K. Goto, N. Sakakibara, and Y Sakai,. Microbeam 

Anal. 2, 123 (1993). 
[28] L. Landau, J. Phys. (Moscow) 8, 201 (1944).  
[29] T. Nagatomi and K. Goto, J. Surf. Anal. 13, 212 

(2006) (in Japanese).   
[30] D. Pines, Elementary Excitations in Solids (W. A. 

Benjamin, New York, 1964).  
[31] D. R. Penn, Phys. Rev. B 35, 482 (1987).  
[32] R. H. Ritchie and A. Howie, Phil. Mag. 36, 463 

(1977). 
[33] E. D. Palik, Handbook of Optical Constants of Sol-

ids (Academic, New York, 1985).  
[34] A. Alkafri, Y. Ichikawa, R. Shimizu, and K. Goto, J. 

Surf. Anal. 14, 2 (2007).  
[35] S. Tanuma, H. Yoshikawa, N. Okamoto, and K. 

Goto, 12th European Conference on Application of 

−157− 



Journal of Surface Analysis Vol.15, No. 2 (2008) pp. 150−158 
T. Nagatomi et al.  Inelastic Interaction of Medium-Energy Electrons with Ni Surface Studied by Absolute 
Reflection Electron Energy Loss Spectrum Analysis and Monte Carlo Simulation 

[42] C. J. Powell and A. Jablonski, J. Phys. Chem. Ref. 
Data 28, 19 (1999). 

Surface and Interface Analysis (ECASIA'07), 
QUA-1070-01 (2007). 

[36] N. F. Mott and H. S. W. Massey. The Theory of 
Atomic Collisions (Oxford, London, 1965) 6th ed.  

[43] W. S. M. Werner, L. Köver, S. Egri, J. Tóth, and D. 
Varga, Surf. Sci. 585, 85 (2005). 

[44] G. Gergely, M. Menyhard, S. Gurban, J. Toth, and D. 
Varga, Surf. Interface Anal. 36, 1098 (2004). 

[37] Y. Yamazaki, Ph.D Thesis, Osaka University, 1977.  
[38] S. Ichimura and R. Shimizu, Surf. Sci. 112, 386 

(1981). [45] C. J. Tung, Y. F. Chen, C. M. Kwei, and T. L. Chou, 
Phys. Rev. B 49, 16684 (1994). [39] Z. J. Ding and R. Shimizu, Surf. Sci. 222, 313 

(1989).   
 [40] Z. J. Ding, Ph.D Thesis, Osaka University, 1990. 

[41] S. Tanuma, C. J. Powell, and D. R. Penn, Surf. In-
terface Anal. 21, 165 (1994).  

 

 
 
 

−158− 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


