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Derivation of inelastic-electron-scattering cross sections from quantitative analysis
of reflection-electron-energy-loss spectra
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Precision Instrument Development Center, National Science Council, Hsinchu, Taiwan, Republic of China

~Received 19 March 1998!

The inelastic interaction of electrons with solid surfaces is studied within the framework of dielectric
response theory. It is shown that the inelastic interaction can be characterized by the differential inverse
inelastic mean free path~DIIMFP! for bulk excitations and the differential surface excitation parameter~DSEP!
for surface effects. Based on transport theory, the inelastic scattering cross sectionK(E0→E02v) experimen-
tally determined from reflection-electron-energy-loss spectroscopy~REELS! can be related to the bulk DIIMFP
and DSEP. From this relation, a method to derive the bulk DIIMFP and DSEP from experimentalK(E0

→E02v) is proposed. With this method, the bulk DIIMFP and DSEP derived from REELS data for Au and
Cu are in good agreement with the theoretical results calculated with the model dielectric function.
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I. INTRODUCTION

The information about the inelastic scattering propert
of medium energy electrons~200–2000 eV! near solid sur-
faces is both of fundamental and practical importance du
the fact that surface electron spectroscopies such as Au
electron spectroscopy~AES! and x-ray photoelectron spec
troscopy ~XPS! are greatly affected by inelastic-scatterin
events experienced by electrons. An important quantity
connection with quantitative analysis of surface elect
spectroscopies is the differential inverse inelastic mean
path~DIIMFP!. Dielectric response theory1–6 is often used to
perform theoretical calculations in which the compl
dielectric-response function of the particular solid must
known in detail with respect to energy and momentum tra
fers. Methods based on model dielectric functions and
perimental optical constants have been developed and
plied to various solids.4–10 Nevertheless, a method to asse
experimentally the DIIMFP is of great importance for su
face analysis and also for fundamental studies of elect
solid interaction.

Previously, transmission electron energy-loss spect
copy ~TEELS! was developed for determining the DIIMF
and optical constants.11–14However, a major drawback asso
ciated with TEELS is that a transmission electron spectro
eter is necessary to provide an incident electron beam gre
than 10 keV energy for transmitting the primary electro
through the sample. Besides, the sample must be prepar
the form of a thin, free-standing film~less than 2000 Å! that
limits the types of materials that can be studied us
TEELS.

Reflection electron energy-loss spectroscopy15–20

~REELS! was used to solve experimental limitations asso
ated with TEELS. In general, primary electron energies u
in REELS is less than 2 keV; thus, standard electron sp
trometers equipped with Auger-electron sources can be u
Tougaard and co-workers21–23 have pioneered the applica
tion of REELS experiments to gain knowledge about inel
tic scattering cross sections,K(E0→E02v). HereE0 is the
PRB 580163-1829/98/58~12!/8087~10!/$15.00
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incident electron energy andv is the electron-energy loss
The experimentally determinedK(E0→E02v) are signifi-
cantly different from the conventional DIIMFP for bulk ex
citations due to the effect of surface excitations.4–6,23–25The
method of Tougaard and Chorkendorff becomes espec
attractive because the determined DIIMFP may be applie
remove the inelastic background signal from AES or X
spectra.21,22,26,27 However, an inherent problem is tha
K(E0→E02v) determined from REELS data contain info
mation associated with electrons traversing the solid-vacu
surface twice while, in the AES or XPS measurement,
signal electrons traverse this surface only once. As a re
the intensities associated with surface excitations in REE
spectra are enhanced with respect to the AES or X
measurement.28,29

Recently, Yubero and co-workers4,30 proposed a model to
reproduce K(E0→E02v) with dielectric theory and a
weight function. They assumedK(E0→E02v) to be a
genuine single-inelastic-scattering cross section; thus,
probability function that the electron has undergone a sin
inelastic scattering event was used to average over all
sible paths. However,K(E0→E02v) is not a pure single-
inelastic-scattering cross section due to the contribution
surface excitations. Besides, the model of Yubero and
workers cannot be used to separate the surface and bulk
ponents fromK(E0→E02v) due to their assumption, eve
though this model presents a good agreement with exp
mental data. Considering the difference in surface effe
between REELS and AES as well as XPS, a method
separation of the contribution of the bulk and surface exc
tions from experimentally determinedK(E0→E02v) is es-
sential to obtain quantitative knowledge for surface elect
spectroscopies. Moreover, if the DIIMFP for bulk excitatio
is isolated over a large energy range, one may determine
complex dielectric function through a Kramers-Kronin
analysis.11–14

In this work, we used dielectric response theory to der
the DIIMFP for electrons obliquely passing through the so
surface. It was found that the derived DIIMFP can be divid
8087 © 1998 The American Physical Society
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8088 PRB 58Y. F. CHEN
into a bulk and a surface term. The bulk term is the DIIMF
in an infinite medium, while the surface term is spatia
varying on both sides of the vacuum-solid surface. Sin
surface effects are restricted to a surface layer on the ord
several angstroms, these effects can be described by the
ferential surface excitation parameter~DSEP! which is the
integration of the surface term in the DIIMFP. Including su
face effects into the quantitative analysis, experimen
K(E0→E02v) can be related to the bulk DIIMFP an
DSEP. With this derived relation, the bulk DIIMFP an
DSEP can be directly determined using the experime
K(E0→E02v) at two different primary electron energie
without any other input parameter. The bulk DIIMFP a
DSEP determined from REELS data for Au and Cu are p
sented and compared to the theoretical results calcul
with the model dielectric function.5,10,25

II. INELASTIC ELECTRON INTERACTIONS
IN SOLID SURFACES

The specular-reflection model~SRM! of Ritchie and
Marusak31 is known to reproduce very well many properti
of real surfaces by expressing the surface response in t
of the bulk dielectric function.32–35 In this model, the me-
dium is described by a ‘‘jellium’’ in which the surface i
assumed to be abruptly terminated and the constitute e
trons of the medium incident on the surface rebound i
specular fashion.36,37 Although quantum-mechanical analy
ses can result in a more rational condition of the behavio
constituent electrons at surfaces,3 the resulting expression
are much less transparent than the semiclassical diele
theory and probably too cumbersome for use in surface e
tron spectroscopies. Previously, the SRM has been use
analyze the configuration of the specular reflecting traject
of an external incident electron.32–35 In this work, we shall
restrict ourselves to the penetrating trajectory of the exte
incident electron that is a typical spectroscopic experim
involving fast electrons.

We have recently derived the spatially varying DIIMFP
an electron penetrating into vacuum from a solid for qua
tative analysis of XPS.5,10 Since the electron trajectories in
REELS experiment include incoming~IN! and outgoing
~OUT! trajectories, it is convenient to consider the gene
case of two adjacent materials separated by a planar inte
and characterized by the dielectric response func
«a(q,v) and «b(q,v). The interface will be chosen at th
plane z50 with the z axis in the perpendicular directio
from medium«a(q,v) to medium«b(q,v). The notationn
5unu, q5(Q,qz), n5(ni ,nz), andr5(R,z), whereQ, ni ,
andR represent components parallel to the interface, will
adopted hereafter. Note that atomic units are used thro
this work, unless otherwise specified.

In the fast-charge approximation, a fast electron wh
interacts with matter can be considered as a point cha
with moving charge density given byr(r ,t)52d(r2nt).2,3

For an fast electron passing through the interface att50
from medium «a(q,v) to medium «b(q,v), the Fourier
components of the scalar electric potential can be expre
by
e
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f~a!~q,v!5
28p2

q2«a~q,v!
@d~v2q–n!1rs~Q,v!#, ~1!

f~b!~q,v!5
28p2

q2«b~q,v!
@d~v2q–n!2rs~Q,v!#. ~2!

The first terms in Eqs.~1! and ~2! represent the charge den
sity of the moving electron andrs(Q,v) is the amplitude of
the fictitious surface charge that is required to satisfy
requisite boundary conditions, respectively. The oppo
sign of the second term between Eq.~1! and Eq.~2! origi-
nates from the requirement of continuity of the electric d
placement. Matchingf (a)(z510) andf (b)(z520) yields
the requiredrs(Q,v) as

rs~Q,v!5
Q

p

unzu
ṽ21~nzQ!2

3
«̃a~Q,v!«̃b~Q,v!

«a~ q̃,v!«b~q,v!

«a~ q̃,v!2«b~ q̃,v!

«̃a~Q,v!1 «̃b~Q,v!
,

~3!

where

1

«̄a,b~Q,v!
5

Q

p E
2`

` dqz

q2«a,b~q,v!
, ~4!

ṽ5v2ni–Q and q̃25Q21ṽ2/nz
2. In terms ofrs(Q,v) the

induced scalar potential is obtained form Eqs.~1! and~2! as

f ind~r ,t !5
21

2p2 E dvE d3q
ei ~q•r 2vt !

q2

3H rs~Q,v!F Q~2z!

«a~q,v!
2

Q~z!

«b~q,v!G1d~v2q–n!

3F S Q~2z!

«a~q,v!
1

Q~z!

«b~q,v!
21D G J , ~5!

whereQ(z) is the Heaviside step function.
The stopping power is given by3

2
dW

ds
5

1

n F]f ind~r ,t !

]t G
r5nt

, ~6!

where the derivative off ind is evaluated at the position o
the electron,r5nt. From Eqs.~5! and ~6! we get the stop-
ping power of the solid for the electron

2
dW

ds
5

i

2p2v E v dvE d2QH p

Q
rs~Q,v!e2 i ṽz/vz

3F Q~2z!

«̄a~Q,v,z!
2

Q~z!

«̄b~Q,v,z!G
1

unzu
ṽ21~nzQ!2 F Q~2z!

«a~ q̃,v!
1

Q~z!

«b~ q̃,v!
21G J ,

~7!

where
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1

«̄a,b~z,Q,v!
5

Q

p E
2`

` dqze
iqzz

q2«a,b~q,v!
. ~8!

The evaluation of the first term in the curly bracket of Eq.~7!
depends on sgnz, as this determines whether thev integra-
tion must be performed by closing through the upper~U! or
lower ~L! half-plane~HP!. For z,0, i.e., the electron inside
the medium«a(q,v) and approaching the interface, we mu
close the integration contour through the UHP. On the ot
hand, forz.0, i.e., the electron inside the medium«b(q,v)
and moving away from the surface, the integration cont
must be closed through the LHP. This integration cont
involves the poles ofrs(Q,v) and 1/«̄a,b(Q,v,z), which
approach the real axis from below and give the surface
bulk excitation modes of the solid, respectively. For simpl
ity it is convenient to use the identity33

e2 i ṽz/nz52 cos~ṽz/nz!2ei ṽz/nz. ~9!

The integration containing the complex exponential on
right-hand side of Eq.~9! can be then performed aga
through the UHP. Therefore Eq.~7! can be written as

2
dW

ds
5

1

p2n E
0

`

dvE d2Q
vunzu

ṽ21~nzQ!2

3ImH P~n,z,Q,v!2F Q~2z!

«a~ q̃,v!
1

Q~z!

«b~ q̃,v!G J ,

~10!

where

P~n,z,Q,v!

5Fe2QuzuQ~2z!

«̄a~z,Q,v!
2

~2 cos~ṽz/nz!2e2Quzu!Q~z!

«̄b~z,Q,v! G
3F «̄a~Q,v!«̄b~Q,v!

«a~ q̃,v!«b~ q̃,v!

«b~ q̃,v!2«a~ q̃,v!

«̄a~Q,v!1 «̄b~Q,v!G , ~11!

corresponds to the spatially varying surface energy-l
function. In this derivation we have used the prope
e
v-
h

t
r

r
r

d
-

e

s

«a,b(2q,2v)5«a,b* (q,v). The energy and momentum con
servation can be included by limiting the range of integrat
over Q as follows:

q2
2 <S ṽ

nz
D 2

1Q2<q1
2 , ~12!

whereq65A2E6A2(E2v).
For an electron of energyE5n2/2 to loss energyv, the

spatially varying DIIMFP,m(E→E2v,a,z), can be related
to stopping power as follows:2

2
dW

ds
5E

0

`

vm~E→E2v,a,z!dv, ~13!

wherea is the angle between the electron velocity and po
tive z axis. The definition ofa will be used hereafter.

The vacuum-solid system is the typical case in REE
experiment. From Eqs.~10!–~13!, after some algebra, th
DIIMFP for vacuum-solid surface can be split into a bu
and a surface term,

m~E→E2v,a,z!

5mB~E→E2v!1mS~E→E2v,a,z! ~14!

where

mB~E→E2v!

5
1

p2n E d2Q
unzu

ṽ21~nzQ!2 ImF2
Q~2z!

«~ q̃,v!G ,
~15!

and

mS~E→E2v,a,z!

5
1

p2n E d2Q
unzu

ṽ21~nzQ!2 Im@Ps~n,z,Q,v!#,

~16!

where
Ps~n,z,Q,v!5e2QuzuH Q~2n–ẑ!Fe2QuzuQ~z!2
~2 cos~ṽz/nz!2e2Quzu!Q~2z!

«̄~z,Q,v! G
1Q~n–z̄!F @2 cos~ṽz/nz!2e2Quzu#Q~z!2

e2QuzuQ~2z!

«̄~z,Q,v! G J F «̄~Q,v!

«~ q̃,v!

«~ q̃,v!21

«̄~Q,v!11G . ~17!
the
is

erm
-

the
Here the solid«~q,v! contained in the regionz,0 andẑ is
the unit vector of positivez axis. The bulk term which is
independent of the position and emission angle gives ris
the well-known expression of the DIIMFP of electrons mo
ing in an infinite medium.2 The inelastic mean free pat
~IMFP! for bulk excitations is then given by

lB~E!5F E
0

E

dvmB~E→E2v!G21

. ~18!
to

On the other hand, the surface term is not confined to
interior of the solid, but also takes place, while the electron
at some distance outside the surface. Note that the first t
inside the curly bracket of Eq.~17! corresponds to the elec
tron moving in the negativez direction, i.e., an IN trajectory
(p/2,a,p), whereas the second term corresponds to
electron moving in the positivez direction, i.e., an OUT
trajectory (0,a,p/2).

Since there is thee2Quzu term in Ps(n,z,Q,v), surface
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8090 PRB 58Y. F. CHEN
effects have a rather limited extent about the surface.5,10 The
effective region extends into the solid to a depth aboutn/vp ,
wherevp is the plasmon energy.12 Sincevp lies in the in-
terval 20–35 eV, the depth is roughly around 3–6 Å for a
keV electron. Accordingly, the reflected electrons in REE
experiment nearly penetrate this effective region in both
and OUT trajectories. Therefore, surface effects can be p
tically characterized by the DSEP that is calculated via in
gration of Eq.~16!, i.e.,

PS~E→E2v,a!5E
2`

` dz

cosa
mS~E→E2v,a,z!.

~19!

Even though the interval of the integration in Eq.~19! is
infinite, the effective contribution is restricted to a limite
region extending on both sides of the vacuum-solid surfa
The surface excitation parameter~SEP! for an electron pen-
etrating a vacuum-solid surface is then given by5,24

PS~E,a!5E
0

E

PS~E→E2v,a!dv. ~20!

The SEP is the probability for a single loss event. The pr
ability of n successive surface plasmons excited by an e
tron traversing the effective region should obey the Pois
stochastic process:

Pn5
1

n!
@PS~E,a!#n exp@2PS~E,a!#. ~21!

Using the free-electron-gas dielectric function and car
ing out the integration in Eq.~20!, we can get

PS~E,a!5
p

4A2E

1

cosa
. ~22!

It shows thatPS(E,a) is proportional to (cosa)21. Equation
~22! indicates that the influence of surface excitations
surface electron spectroscopies might be quite significan
low-energy electrons at large escape angles. This ang
dependence has been verified experimentally for larga
value ~;85°!.38 Besides, Eq.~22! reveals thatPS(E,a) is
proportional to 1/AE. This energy dependence is the same
the case of electrons transmitted through thin films repo
by Ritchie.2

If the dielectric function«~q,v! of the solid is known,
Eqs.~15! and~19! can be used to calculate the bulk DIIMF
and DSEP. The model dielectric function developed in p
vious work is used to investigate the substantial propertie
the bulk DIIMFP and DSEP. Here we present a brief syn
sis for the purpose of completeness. The sum-rule c
strained model dielectric function which combines the op
cal oscillator strength modeling~zero momentum transfer!
and an algorithm for its extension to theq.0 region is used,
i.e.,5,25,39

«~q,v!5«b2(
j

Aj

v22~v j1q2/2!21 ivg j
, ~23!

where «b is the background dielectric constant due to t
effect of polarizable ion cores andAj , g j , andv j are, re-
c-
-

e.

-
c-
n

-

n
or
lar

s
d

-
of
-

n-
-

spectively, the oscillator strength, damping coefficient, a
excitation energy, all associated with thej th oscillator. The
approximation adopted in Eq.~23! for the q-dependence
works correctly at both extremes of momentum transfer, i
at the optical limit,q→0, and for the Bethe ridge region,q
→`.39 Although density-function theory40,41and experimen-
tal measurements show that the surface plasmon dispe
is negative at smallQ, the exact dependence of the dielect
function on momentum transfer is seldom known. Equat
~12! reveals that the range of integration overQ is rather
large for electron energies larger than a few hundred eV. D
to a large range of integration overQ, the universal Bethe
surface dominates the scattering cross section. In o
words, a slight negative dispersion should not have a str
effect on the final calculations of the DIIMFP and IMFP.5,6

The parameters in Eq.~23! have been obtained in previou
works5,10,15by a fit of Eq.~23! to optical data for a number o
solids and verified by checking the constraints of sum ru

With the model dielectric function, we have calculated t
bulk DIIMFP and DSEP. Figure 1~a! showsmB(E→E2v)
evaluated from Eq.~15! for electrons with various energie
in Au. Although the bulk DIIMFP in general decreases wi
increasing the electron energy, the structures and peak p
tions of the bulk DIIMFP are not sensitive to variation inE.
Therefore, one might expect the energy-loss dependenc
the productlB(E)mB(E→E2v) is nearly the same for dif-

FIG. 1. ~a! mB(E→E2v) in Au for electrons at different ener
gies.~b! lB(E)mB(E→E2v) calculated at the same primary ele
tron energies as in~a!.
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PRB 58 8091DERIVATION OF INELASTIC-ELECTRON-SCATTERING . . .
ferent electron energies due to the fact that the equa
*0

EdvlB(E)mB(E→E2v)51 holds according to Eq
~18!.42 Figure 1~b! shows that this is indeed the case. Bas
on this property, the productlB(E)mB(E→E2v) can be
practically expressed as

lB~E!mB~E→E2v!5mB
0~v!, ~24!

wheremB
0(v) is independent ofE and represents a norma

ized probability density function for bulk excitation. Th
probability density functionmB

0(v) is one of the fundamenta
ingredients in Monte Carlo simulations.43–45 For conve-
nience, we callmB

0(v) the ‘‘reduced DIIMFP’’ hereafter.
Figure 2 depicts the energy loss dependence of the D

for normal incident electrons with various energies in A
This DSEP includes the total surface effects for a elect
penetrating through the effective region of surface exc
tions, which is about 3–6 Å for a 1-keV electron. It is se
that surface excitations contribute largely at small ene
losses as compared to bulk excitations. Similar to the pr
erty of mB(E→E2v), the structures and peak positions
PS(E→E2v,a) are also insensitive to variation inE. The
calculated results show that the amplitude ofPS(E→E
2v,a) is approximately proportional to 1/AE, as it may be
appreciated in Fig. 3. This tendency coincides with the p
diction of the free-electron-gas model derived in Eq.~22!. In
other words, the distribution ofAEPS(E→E2v,a) is al-
most independent ofE. This characteristic enables us
separateE dependence fromPS(E→E2v,a) and to write

PS~E→E2v,a!5
1

AE
PS

0~v,a! . ~25!

Hereafter we callPS
0(v,a) the ‘‘reduced DSEP.’’

Detailed knowledge of the bulk DIIMFP and DSEP
important for quantitative analysis by surface electr
spectroscopies.5,25,46 Equations~15! and ~19! can be em-
ployed to calculate inelastic scattering cross sections w
the dielectric-response function of the particular solid

FIG. 2. A plot of the DSEP in Au for electrons at differen
energies.
ty

d

P
.
n
-

y
p-

-

n

known in detail with respect to the energy transfer. Howev
literature data for dielectric-response functions are usu
not available. Therefore it is of high interest to be able
obtain the DIIMFP and DSEP experimentally. It can be se
later that Eqs.~24! and~25! play a practical role in determin
ing such cross sections from REELS data.

III. DERIVATION OF DIIMFP AND DSEP
FROM REELS SPECTRA

Solution of the space-energy-angular-transport prob
cannot be obtained analytically because of the complica
angular and energy dependence of the cross sections. H
ever, the energy loss in an elastic scattering is always at l
two orders of magnitude smaller than the average loss in
inelastic event. On the other hand, the characteristic len
for deflection in an inelastic scattering is usually about t
orders of magnitude larger than the corresponding quan
for elastic collision. Therefore, it is reasonable to assume
only elastic interactions contribute to the angular deflect
and only inelastic interactions contribute to the energy lo
Within this approximation the energy and angular distrib
tion of reflected electronsJ(E0 ,V̄0 ;E,V̄)dEd2V with ini-
tial incident energyE0 and directionV̄0 is given by47,48

J~E0 ,V̄0 ;E,V̄!5E dRQ~E0 ,V̄0 ,x50;R,V̄!

3G~E0 ,V̄0 ,R;E,V̄!, ~26!

where G(E0 ,V̄0 ,R ; E,V̄) is the energy distribution of an
electron with initial energyE0 and directionV̄0 after having
traveled the path lengthR in the solid;Q(E0 ,V̄0 ,x;R,V̄) is
the angular and path length distribution of an electron wit
initial energyE0 and directionV̄0 to pass a plane at depthx
in a direction (V̄,d2V) after having traveled the path lengt
R in the solid.

FIG. 3. A plot of the SEP as a function of the electron energ
in Au. The solid and dashed curves are, respectively, results ca
lated with the sum-rule constraint model dielectric function a
free-electron-gas model.
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8092 PRB 58Y. F. CHEN
Based on theP1 approximation to the Boltzmann tran
port equation, the path length distribution for electrons m
sured in a REELS experiment is approximately given by49

Q~E0 ,V̄0 ,x50;R,V̄!5A~V̄0 ,V̄!e2R/L, ~27!

whereA(V̄0 ,V̄) is the angular distribution and the chara
teristic attenuation lengthL@lB . Recently, it was pointed
by Pázsit and Chakarova50 that, for certain elements and en
ergies, the path length distribution is not monotonic. Ho
ever, using Monte Carlo simulation on the basis of quasie
tic model we found that Eq.~27! can be roughly used to
describe the path length distribution in most cases of REE
experiments. Nevertheless, the more accurate characte
attenuation length must be obtained by resorting to
Monte Carlo simulation.24 With Eq. ~27! the energy spec
trum is then given by

J~E0 ,V̄0 ;E,V̄!5A~V̄0 ,V̄!E e2R/LG~E0 ,V̄0 ,R;E,V̄!dR.

~28!

Under the condition of neglecting surface effects, the
ergy loss distribution is often given by Landau’s formula:51

GL~E0 ,R;E!5
1

2p E
2`

`

ds exp@ isv2RS~E0 ;s!#,

~29!

with

S~E0 ;s!5E
0

`

dvmB~E0→E02v!@12exp~2 isv!#

5
1

lB~E0!
2m̃B~E0 ;s!, ~30!

where v5E02E. m̃B(E0 ;s) is the Fourier transform o
mB(E0→E02v) with respect tov.

The energy-loss distribution contributed by surface ex
tations can be in terms of the DSEP. Note that the DSE
the probability for a single loss event. For the total surfa
loss spectrum, we therefore have to sum over all multi
loss events using5,52–54

GS~E0 ,a;E!5E
0

`

ds exp@ isv2J~E0 ,a;s!#, ~31!

and

J~E0,a;s!5E
0

`

dvPS~E0→E02v,a!@12exp(2 isv!]

5PS~E0,a!2 P̃S~E0 ,a;s!, ~32!

where P̃S(E0 ;a;s) is the Fourier transform ofPS(E0→E0
2v,a) with respect tov. Expanding the factorGS(E0 ,a;E)
in Eq. ~31!, we can find
-

-
s-

S
tic
e

-

i-
is
e
e

GS~E0 ,a;E!

5e2PS~E0 ,a!Fd~E02E!1PS~E0→E,a!

1
1

2! E PS~E0→E8,a!

3PS~E8→E,a!dE81¯ G , ~33!

where the first, second, third, etc. terms in the bracket re
sent, respectively, energy-loss flux due to a zero surface p
mon, a surface plasmon, and two surface plasmons, etc.
expression indicates thatGS(E0 ,a;E) in Eq. ~31! includes
overall multiple loss events contributed by surface effect

With the convolution approach, we can incorporate s
face effects into the Landau formula and obtain the to
energy-loss distribution

G~E0 ,a I ,R;E,aR!5E
E

E0E
E9

E0
GS~E0 ,a I ;E8!

3GL~E8,R;E9!GS~E9,aR ;E!dE8dE9,

~34!

wherea I andaR are the angle between the electron veloc
and positivez axis for the incident and the reflected ele
trons. The product term on the right-hand side of Eq.~34!
implies that an electron of initial energyE0 losses the energy
E02E8 due to surface effects of the incident process, los
the energyE82E9 due to bulk effects of the transport in th
solid, and loss the energyE92E due to surface effects of th
reflected process.

From the convolution theorem of Fourier transform a
Eqs.~29! and ~31!, G(E0 ,a I ,R;E,aR) can be written as

G~E0 ,a I ,R;E,aR!5
1

2p E
2`

`

ds exp@ isv2RS~E0 ;s!

2J~E0 ,a I ;s!2J~E0 ,aR ;s!].
~35!

Using Eqs.~30! and~32! and expandingG(E0 ,a I ,R;E,aR)
in Eq. ~35!, we can find

G~E0 ,a I ,R;E,aR!

5exp$2@R/lB~E0!1PS~E0 ,a I !1PS~E0 ,aR!#%

3H d~E02E!1RmB~E0→E!1@PS~E0→E,a I !

1PS~E0→E,aR!#1E RmB~E0→E8!

3@PS~E0→E8,a I !1PS~E0→E8,aR!#dE8

1
R2

2! E mB~E0→E8!mB~E8→E!dE81¯J , ~36!

where the first, second, third, etc. terms in the curly brac
represent, respectively, energy-loss flux due to zero plasm
a bulk-plasmon, a surface plasmon, a bulk plasmon an
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surface plasmon, and two bulk plasmons, etc. This exp
sion indicates thatG(E0 ,a I ,R;E,aR) in Eq. ~36! includes
over all multiple loss events contributed by bulk and surfa
excitations.

Substituting Eq.~35! into Eq. ~28! and carrying out the
integration overR, we obtain

J~E0 ,V̄0 ;E,V̄!5
LlB~E0!

L1lB~E0!
I ~V̄0 ,V̄!e2PS~E0 ,a I ,aR!

3E
2`

` ds

2p
exp@ i ~E02E!s#

3H exp@ P̃S~E0 ,a I ,aR ;s!#

12
LlB~E0!

L1lB~E0!
m̃B~E0 ;s!J , ~37!

where

PS~E0,a1 ,aR!5PS~E0 ,a I !1PS~E0 ,aR!, ~38!

and

P̃S~E0 ,a I ,aR ;s!5 P̃S~E0 ,a I ;s!1 P̃S~E0 ,aR ;s!.
~39!

Usually, only relative intensity measurements will be p
formed. Hence, introducing the relative electron flux dens
distribution

j ~E0 ,V̄0 ;E,V̄!5F LlB~E0!

L1lB~E0!
I ~V̄0 ,V̄!e2PS~E0 ,a I ,aR!G21

3J~E0 ,V̄0 ;E,V̄!, ~40!

we can write Eq.~39! in the general form

j ~E0 ,a I ;E,aR!5E
2`

` ds

2p
exp@ i ~E02E!s#

3H exp@ P̃S~E0 ,a I ,aR ;s!#

12
LlB~E0!

L1lB~E0!
m̃B~E0 ;s!J . ~41!

It is noted that the dependence of the electron-energy di
bution on the incident and reflected angles is consequen
surface effects.

The algorithm developed by Tougaard a
Chorkendorff21 in determining experimental differentia
inelastic-electron-scattering cross sectionsK(E0→E02v)
from REELS spectra is based on the following formula:

j ~E0 ;E!5E
2`

` ds

2p

exp@ i ~E02E!s#

12
Ll~E0!

L1l~E0!
K̃~E0 ;s!

, ~42!

whereK̃(E0 ;s) is the Fourier transform ofK(E0→E02v)
with respect tov, andl(E0) is defined as
s-

e

-
y

ri-
on

l~E0!5E
0

E0
K~E0→E02v!dv. ~43!

From Eqs.~41! and~42! the relationship between the exper
mentalK(E0→E02v) and the bulk DIIMFP and DSEP is
given by

12
Ll~E0!

L1l~E0!
K~E0 ;s!5F12

LlB~E0!

L1lB~E0!
m̃B~E0 ;s!G

3exp@2 P̃S~E0 ,a1 ,aR ;s!#.

~44!

The angular dependence ofPS(E0→E02v,a) results in the
fact that the experimentally obtainedK(E0→E02v) de-
pends on both the angle of incidence and exist angle of
electrons. TakingPS(E0→E02v,a)50, i.e., neglecting the
surface effects, we can getl5lB and K(E0→E02v)
5mB(E0→E02v). This is reason whyK(E0→E02v) de-
termined from REELS spectra is often treated as a sin
scattering cross section.

In generalL@l,21–23therefore Eq.~44! can be simplified
as

12l~E0!K~E0 ;s!5@12lB~E0!m̃B~E0 ;s!#

3exp@2 P̃S~E0 ,a1 ,aR ;s!#. ~45!

Equation ~45! indicates that the cross sectionl(E0)K(E0
→E02v) obtained from REELS data cannot expressed a
linear combination of pure bulk and pure surface comp
nents. Introducing Eqs.~24! and ~25! into Eq. ~45!, we can
obtain

12l~E0!K~E0 ;s!5@12mB
0~s!#

3exp@2 P̃S
0~a1 ,aR ;s!/AE0#,

~46!

with

P̃S
0~a1 ,aR ;s!5 P̃S

0~a1 ;s!1 P̃S
0~aR ;s! ~47!

where mB
0(s) and P̃S

0(a;s) are, respectively, the Fourie
transform ofmB

0(v) andPS
0(v,a) with respect tov.

To directly determine the bulk DIIMFP and DSEP fro
REELS data, we use the experimentall(E0)K(E0 ;s) ob-
tained at two different primary electron energies,E05E1
andE05E2 . From Eq.~46! we can write the pair equation

12l~E1!K~E1 ;s!5@12mB
0~s!#

3exp@2 P̃S
0~a1 ,aR ;s!/AE1#

~48!

and

12l~E2!K~E2 ;s!5@12mB
0~s!#

3exp@2 P̃S
0~a1 ,aR ;s!/AE2#.

~49!

Taking the logarithm of both sides of Eqs.~48! and ~49!,
after some algebra, we can obtain
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P̃S
0~a1 ,aR ;s!5

AE1E2

AE22AE1

lnF12l~E2!K~E2 ;s!

12l~E1!K~E1 ;s!G , ~50!

and

mB
0~s!512expH AE2 ln@12l~E1!K~E1 ;s!#2AE1 ln@12l~E2!K~E2 ;s!#

AE22AE1
J . ~51!
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Therefore, Eqs.~50! and ~51! can be used to determine th
bulk DIIMFP and DSEP by means of the fast Fourier tra
form ~FFT! algorithm, provide thatl(E1)K(E1 ;s) and
l(E2)K(E2 ;s) are given.

To avoid significant errors introduced by the approxim
tions in Eqs.~24! and~25!, the appropriate ranges forE1 and
E2 are around 0.4–1.5 and 2–10 keV, respectively. If b
E1 andE2 are higher than 3 keV, the surface effects may
too small to be used in Eqs.~50! and~51!. On the other hand
the first Born approximation presented here needs to
modified as the electron energy lower than 0.3 keV.

IV. RESULTS AND DISCUSSION

For illustrating the utility of the present model, the expe
mental l(E0)K(E0→E02v) obtained by Tougaard an
Kraaer23 was used to derive the bulk DIIMFP and DSEP. W
choseE151 andE252 keV because of the existence of e
perimental data and the fact that most electron spectrome
in surface analysis equipment only operate up to;2 keV.
Figures 4~a! and 4~b! show the experimentall(E0)K(E0
→E02v) at 1 and 2 keV, respectively. Employing the Fo
rier transform of these experimental data into Eqs.~50! and
~51! and then taking the inverse Fourier transform ofmB

0(s)
and P̃S

0(a1 ,aR ;s), the bulk DIIMFP and DSEP can be de
rived. Note that the only input in the present determination
the bulk DIIMFP and DSEP is the experimentally obtain
l(E0)K(E0→E02v) at two different primary electron en
ergies. Thus, no adjustable parameters have been app
The derivedmB

0(v) is shown in Fig. 4~c!. For comparison,
the theoretical results computed with the model dielec
function of Eq. ~23!, using dielectric function parameter
found by Tougaard and Kraaer in Ref. 23, is also shown
the same figure. Here we just plotted the theoretical resul
electrons of 1 keV because the reduced DIIMFP is alm
independent of the electron kinetic energy, as shown in
1~b!. The good agreement obtained between the values
rived from experimental data and the theoretical calculati
confirms our quantitative analysis for REELS spectra a
validates our theoretical model for inelastic interactions n
surfaces. On the other hand, the derived DSEP is show
Fig. 5. The theoretical results calculated with Eqs.~19! and
~23! are also shown for comparison. It can be seen that b
the morphology and numerical values of the curves comp
favorably. With the same algorithm, the reduced DIIMFP
Cu was also derived and shown in Fig. 6. Here again,
results derived from the REELS data agree closely with
theoretical results.
-
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The bulk DIIMFP is directly related to the complex d
electric function of the specimen, as given in Eq.~15!. Since
derivation of the bulk DIIMFP from experimental REEL
data has been achieved, it is suggested that the obtaine
sults be applied to determine the dielectric function and t
to determine the optical properties of solids. Although a ty
cal energy-loss spectrum cannot have energy resolutio
good as that achievable using light-optical spectroscopy
energy range can be much greater; energy losses equiv
to the visible, ultraviolet, and soft x-ray region may be r
corded in the same experiment. Therefore, we hope that
present theoretical model can be used to extract the m
quantitative information from REELS experiments in the f
ture.

FIG. 4. ~a! and ~b! the experimentall(E0)K(E0→E02v) in
Au at 1 and 2 keV~Ref. 23!. ~c! Solid line: the bulk DIIMFP
determined from~a! and~b! with Eq. ~51!; dashed line: the theoret
ical results computed with the model dielectric function of Eq.~23!.
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V. CONCLUSIONS

The inelastic scattering cross section of electrons w
solid surfaces has been derived with the approach of die
tric response theory. It is shown that the inelastic scatte
cross section includes the bulk DIIMFP and DSEP. The
lation between the experimentalK(E0→E02v) from
REELS data and the bulk DIIMFP and DSEP has been
tained through including surface effects into the Landau f
mula. Based on this relation, a method to derive the b

FIG. 5. Solid line, the DSEP determined from Figs. 4~a! and
4~b! with Eq. ~50!; dashed line, the theoretical results comput
with the model dielectric function of Eq.~23!, using dielectric func-
tion parameters found by Tougaard and Kraaer in Ref. 23.
n

e

h
c-
g
-

-
r-
k

DIIMFP and DSEP from REELS data has been propos
The only input is the experimentalK(E0→E02v) at two
different primary electron energies. With the propos
method and FFT algorithm, the bulk DIIMFP and DSE
have been determined from experimentalK(E0→E02v)
for Au and Cu. Without any adjustable parameters, excell
agreement was found between the determined results
theoretical results calculated with the sum-rule constra
model dielectric function.5,10,25

FIG. 6. Solid line, the bulk DIIMFP in Cu determined from
experimentall(E0)K(E0→E02v) at 1 and 2 keV~Ref. 23! with
Eq. ~51!; dashed line, the theoretical results computed with t
model dielectric function of Eq.~23!.
.
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