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Quantitative model of electron energy loss in XPS
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A model for the inelastic-scattering cross section of electrons in XPS experiments is presented. The calcu-
lation is analogous to a previous model for reflection-electron energy-loss spectroscopy by Yuberoet al. @Phys.
Rev. B 53, 9719 ~1996!#. The model treats the general case of photoelectron creation at arbitrary depth and
with arbitrary exit angle and electron energy. The effect of the core hole as well as surface effects are included
in the model. We study systematically the behavior of the model when the energy, exit angle, and depth of
origin are varied. Furthermore, the effect of the core hole on the energy loss is investigated in detail. The
results are compared with experimental XPS spectra from aluminum metal.@S0163-1829~97!01127-2#
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I. INTRODUCTION

Surface electron spectroscopies such as XPS~x-ray pho-
toelectron spectroscopy!, AES ~Auger electron spectros
copy!, and REELS~reflection-electron energy-loss spectro
copy! are highly influenced by inelastic-scattering eve
experienced by electrons. Thus, for the purpose of quan
cation a thorough understanding of the energy loss is imp
tant.

The usual quantity employed to describe the energy
is the inelastic cross section, which gives the probability d
sity per unit path length of losing the energy\v. It can be
expressed in terms of the complex dielectric functi
e(k,v) of the particular medium, and for electrons traveli
in an infinite medium it is given by1,2

K~E0 ,\v!5
1

E0pa0
E
k2

k1 dk

k
ImF 1

e~k,v!G , ~1!

where the following quantities are introduced:E0 is the ini-
tial energy of the electron,a0 is the Bohr radius, andk is the
wave vector transferred from the electron.k6

5(2m/\2)1/2@E0
1/26(E02\v)1/2# are the limits on thek

vector imposed by energy and momentum conservation
ing the inelastic scattering. This model, however, does
reproduce the surface loss features observed in REELS
XPS. Attempts have been made to model the inelastic c
section as a linear combination of Im@1/e# and Im@1/(1
1e)]. 3 Although a reasonable fit to experiment can be ma
the values of the fitting parameters seem unphysical and
consistent.

A more realistic model for REELS has been developed
describe the electron energy loss for normal incidence
exit geometry.4 It treats the total transport process for
electron elastically backscattered a certain depth below
surface. The model was recently extended to include gen
incidence and exit angles5 and was compared to experime
560163-1829/97/56~3!/1612~8!/$10.00
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tal inelastic cross sections6 deconvoluted from experimenta
REELS spectra. The quantitative agreement regarding
dependence on incidence and exit angle as well as on in
energy was good and all the main loss features of the exp
ment were reproduced.

The purpose of the present paper is to take a similar
proach to the case of XPS. The system was previously s
ied by Gervasoni and Arista7 who determined the energy
loss rate, but not the energy-loss distribution, i.e., the cr
section. Seymouret al.8 modeled the plasmon loss intensi
in photoemission on the basis of a hydrodynamical equat
However, the model produced spurious structures in
losses that was not reproduced experimentally. Rece
Chen and Chen proposed a model that incorporates both
face and bulk losses into the Landau formula for the ene
distribution.9 This procedure however, has three main wea
nesses: First, they integrate the surface loss function ove
depths; i.e., they assume that the contribution from surf
losses is the same for an electron excited at the surface
one excited deep in the bulk. Second, they incorporate
path-integrated surface loss function directly into the Land
formula. This implies that they allow for multiple surfac
losses to infinite order. Third, they ignore the effect of t
core hole on the energy loss of the photoelectron. The
two procedures are not properly justified and the last
proximation is shown in the present work not to hold.

We treat the general case of photoelectron creation a
bitrary depth and with arbitrary exit angle of the electro
The procedure is based on the ‘‘specular reflect
model,’’ 7,10 which allows one to solve the electrodynam
problem with the proper boundary conditions. The resul
expressed in terms of the effective inelastic cross sec
giving the energy-loss distribution for the total photoem
sion process.

II. THEORY

We consider the following situation as a model of t
experimental XPS process, Fig. 1~a!: a semi-infinite medium
1612 © 1997 The American Physical Society
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56 1613QUANTITATIVE MODEL OF ELECTRON ENERGY LOSS IN XPS
with dielectric functione(k,v) occupying the half space
r',0, and a vacuum region withe51 occupyingr'.0. At
time t50 an electron-hole pair is created at deptha below
the surface. The electron moves in a straight line with vel
ity v5(v' ,v i), energyE05

1
2mv

2, and angleu to the sur-
face normal, while the core hole is stationary. At timets
5a/v' the electron crosses the surface and leaves the s
We assume constant velocity of the electron. This appro
mation is only valid when the energy loss\v is negligible
compared toE0 . The electron-hole pair creates an induc
charge density in the medium during photoexcitation a
electron transport. The origin of the electron energy los
that the electric field induced in the medium acts on
electron as it moves. In accordance with previo
considerations4,5 it is possible to express an effective inela
tic cross sectionKeff(E0,\v,a,u) in terms of the induced po
tential. This is defined as the average probability that
electron shall lose energy\v per unit energy loss and un
path length while traveling in the specified geometry. T
average is over the path length traveled in the solidx
5a/cos(u). Clearly, this has to be integrated over pa
lengths to be compared with experimental XPS.Keff is given
by

Keff~E0 ,\v,x!5
2

~2p!4x\2v E
2`

`

dtE d3r re~r ,t !

3ReF i E d3k k•vF ind~k,v!eik•r2 ivtG ,
~2!

where re(r ,t) is the charge density of the electron a
F ind(k,v) is the induced potential, determined from the to
potential by the relation F ind(k,v)5F(k,v)
2F(k,v)ue51 .

7 Equation~2! describes the probability fo
the electron to interact with the particular frequency com

FIG. 1. Geometry of the hole and electron in the true exp
mental XPS system~a!. The equivalent pseudomedium~b! and
pseudovacuum~c! that has been used in the calculation ofKeff .
-
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nentF ind(v) of the induced potential, whereF ind is created
by the hole and the electron itself. Now the primary object
is to find F~k,v! in the two half spaces~medium and
vacuum! of the system, i.e., to solve Poisson’s equation.
this purpose, the ‘‘specular reflection model’’ has prov
useful in the case of REELS~Refs. 4 and 5! and XPS~Ref.
7!. The medium and the vacuum are treated separately in
infinite pseudomediaM @Fig. 1~b!# andV @Fig. 1~c!#. The
relevant charges are the electronre , the core holerh , their
imagesre8 , rh8 , and fictitious surface chargessM, sV in-
troduced to satisfy the boundary conditions. The charge d
sities are expressed as

re~r ,t !52ed~r2a2nt !, t.0,

re8~r ,t !52ed~r1a2n8t !, t.0,

rh~r ,t !5ed~r2a!, t.0,

rh8~r ,t !5ed~r1a!, t.0,

re~r ,t !5re8~r ,t !5rh~r ,t !5rh8~r ,t !50, t,0, ~3!

where v5(v' ,v i), v85(2v' ,v i), a5(2a,0). Poisson’s
equation in Fourier space for each of the two infinite pseu
media is

FM~k,v!5
4p

k2e~k,v!
@ree8

M
~k,v!1rhh8

M
~k,v!

1sM~ki ,v!#, ~4!

FV~k,v!5
4p

k2
@ree8

V
~k,v!1sV~ki ,v!#. ~5!

The Fourier-transformed charge densitiesree8
M (k,v),

rhh8
M (k,v) andree8

V (k,v) are evaluated in the time interva
where the electron travels in the medium and vacuum,
spectively:

ree8
M

~k,v!5E
0

ts
dtE d3r @re~r ,t !1re8~r ,t !#e

2 ik•r1 ivt,

rhh8
M

~k,v!5E
0

`

dtE d3r @rh~r ,t !1rh8~r ,t !#e
2 ik•r1 ivt,

ree8
V

~r ,t !5E
ts

`

dtE d3r @re~r ,t !1re8~r ,t !#e
2 ik•r1 ivt.

~6!

Application of the electromagnetic boundary conditio
FV(r'501)5FM(r'502) and ]FV/]r'(r'501)
5e]FM/]r'(r'502) to Eqs.~4! and~5! will determine the
fictitious surface chargessM(ki ,v) andsV(ki ,v). The re-
sult is sV(ki ,v)52sM(ki ,v)5s(ki ,v), where

i-
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s~ki ,v!5
2

11e
~Fee8

M
1Fhh8

M
!2

2e

11e
Fee8
V ~7!

andFee8
M , Fhh8

M , Fee8
V are defined as

Fee8
M

~ki ,v!5
ki

2p E
2`

` ree8
M

~k,v!

k'
21ki

2 dk'

5
ie

n'
S eiV0a2e2kia

V02 ik i
D , ~8!
Fhh8
M

~ki ,v!5
ki

2p E
2`

` rhh8
M

~k,v!

k'
21ki

2 dk'

5eS pd~v!1
i

v De2kia, ~9!

Fee8
V

~ki ,v!5
ki

2p E
2`

` ree8
V

~k,v!

k'
21ki

2 dk'5
2 ie

n'
S eiV0a

V01 ik i
D

~10!

andV05(v2kiv i)/v'

Equation~7! implies that the dielectric function satisfie
the constrainte(k,v)5e(ki ,v). The validity of this ap-
proximation was discussed previously.5 Now the induced po-
tential is found from the total potential as
ndrical

use
F ind
M ~k,v!5

4p

k2 F S 1e21D ~ree8
M

~k,v!1rhh8
M

~k,v!!1
~e21!~e12!

e~e11!
~Fee8

M
1Fhh8

M
!1

~12e!

~11e!
Fee8
V G , ~11!

F ind
V ~k,v!5

4p

k2
~12e!

~11e!
~Fee8

M
1Fhh8

M
1Fee8

V
!. ~12!

Substitution of Eqs.~8!–~12! into Eq. ~2! gives the effective inelastic cross sectionKeff(E0,\v,a,u). Integration in space and
time is straightforward, remembering thatF ind

M (k,v) must be used for 0,t,ts andF ind
V (k,v) for t.ts . Analytical integra-

tion in k space is not possible with the proper limits from momentum and energy conservation. However, with cyli
coordinates (d3k52pkidkidk') and the approximation of extending the limits ofk' to 2`,k',` it is possible to perform
thek' integration analytically. As previously noted5 this approximation is not expected to give large errors. With extensive
of Cauchy’s residue theorem and substitution of the expressions forFee8

M , Fhh8
M andFee8

V , Keff is finally found as a sum of four
terms,Keff(E0,\v,a,u)5KM11KM21KM31KV , where

KM15
cosu

pa0E'

ReF i E kidki

~1/e21!

V0
21ki

2 G1
21

2pE'a0xv'

ReF i E kidki

~1/e21!

~V0
21ki

2!2
H S i1 n i

n'
D ~V01 ik i!

2~e2 iV0a2kia21!

1S 2 i1
n i

n'
D ~V02 ik i!

2~eiV0a2kia21!1S i2 n i

n'
D ~e2 iV0a2e2kia!~eiV0a2e2kia!~V0

21ki
2!J G , ~13!

KM25
21

2pE'a0xv'

ReF S pd~v'!1
i

v'
D E kidki

~1/e21!

V0
21ki

2 H S i1 n i

n'
D ~V01 ik i!~12e2kia2 iV0a!

1S 2 i1
n i

n'
D ~V02 ik i!~e22kia2e2kia2 iV0a!J G , ~14!

KM35
21

2pE'a0xv'

ReFi E kidki

~2 i1n i /n'!~V02 ik i!~e2kia2e2 iV0a!

V0
21ki

2 H ~e21!~e12!

e~e11! F ~eiV0a2e2kia!S V01 ik i

V0
21ki

2 D
2 i S pd~v'!1

i

v'
De2kiaG1

~e21!

~e11! S V02 ik i

V0
21ki

2 DeiV0aJ G, ~15!
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KV5
1

2pE'a0xv'

ReF E kidki

~12e!

~11e!

~12 in i /n'!~V01 ik i!e2 iV0a

V0
21ki

2 H 2ik ieiV0a2~V01 ik i!e2kia

V0
21ki

2

2 i S pd~v'!1
i

v'
De2kiaJ G , ~16!
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2 and v'5v/v' . Of the four terms above
KM1 , KM2 , andKM3 correspond to losses inside the m
dium, while KV describes losses outside. The limits of t
integrals in Eqs.~13!–~16! are found by settingk25ki

2

1V0
2 and solving forki . The result is

ki65
vn i

n2
1Fn'

2

n2 S k6
2 2

v2

n2 D G
1/2

. ~17!

In the limit of a→`, Keff reduces to the first term of Eq
~13!. This is equal to the limit obtained with the effectiv
cross section for REELS~Ref. 5! when u i5u05u. For u
50 this limit equals the inelastic cross section for electro
in an infinite medium, i.e., Eq.~1!. However, this is not the
case for larger angles. This shortcoming might be due to
approximation of thek' integration limits. Despite the fac
that the problem was also found in REELS,5 this model
showed good agreement with experiment. The correctnes
the model can be tested when comparing the XPS cross
tion with modelA1 in Ref. 4. For this purpose we must s
u50 and remove the core hole from the new model. Rem
ing the core hole is simple since all terms related to it cont
the factor @pd(v')1 i /v'#. When this is carried out, we
obtain an exact match between the new model and the
modelA1 for all values ofE0 anda. That is, the new mode
for XPS is consistent with the previous model for REEL
The effective inelastic cross section gives information on
energy loss of photoelectrons originating from the deptha
below the surface. But experimental XPS spectra sam
electrons from a whole range of depths. This implies that
should perform a suitable integration ofKeff over path
lengths to make it comparable with experiment. In the p
vious work on REELS this was done according to t
expression4,5

Ksc~E0 ,\v,u!5E
0

` x

l2 e
2x/lKeff~E0 ,\v,u,a!dx,

~18!

wherex5a/cosu and elastic scattering is neglected. It mu
be considered, though, whether this is also a valid proced
for XPS.

It is common practice to divide the energy loss in XP
into intrinsic and extrinsic losses.11,12The first are related to
the sudden creation of the electron-hole pair att50, while
the latter are produced during transport of the elect
through the medium. Since the intrinsic excitations oc
only at timet50 they contribute to the effective cross se
tion per unit path length asK intr /x. Therefore we can divide
Keff into two terms,Keff5Kintr /x1Kextr, where K intr and
Kextr give the contributions from intrinsic and extrins
losses, respectively. Substitution into Eq.~18! results in at-
s
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tenuation of the intrinsic part asK intre
2x/l and attenuation of

the extrinsic part asKextrxe
2x/l as expected. It is importan

to notice, however, that in XPS the inelastic cross sect
calculated according to Eq.~18! describes only the first in-
elastic scattering event. It cannot serve to model the
spectrum~by repeated convolution! since it contains the in-
trinsic part of the energy loss, which is inseparable from
rest.

From the derivations in Ref. 13 we can determine t
model spectrum corresponding to one inelastic scatte
event:

J~E!}cos~u!FF~E!1lE
E

`

dE8F~E8!Ksc~E0 ,E82E,u!G ,
~19!

whereF(E) is the primary excitation spectrum modeled wi
a Lorentzian. The inelastic mean free pathl is taken from
the literature14 and is assumed independent ofa.

III. RESULTS

We have studied how the loss features ofKeff and Ksc
vary when the parametersa, E0 , andu change. As a mode
dielectric functione~k,v! we use the simple result for alum
num Eq. ~20!, with k dependence introduced according
Ritchie and Howie:15

e~k,v!512
vp
2

v22vk
21 ig0v

, \vk5
\2k2

2m
. ~20!

Here\vp515.6 eV and\g0 is given in Table I.4

Figure 2 shows the exit-angle dependence
Keff(E0,\v,a,u) with fixed primary energy (E051000 eV)
and excitation depth (a510 Å). The bulk and surface plas
mons are clearly identified at 15.6 and 11.0 eV, respectiv
For growing exit angles there is an increase in the surfa
to-bulk ratio as expected. In addition the overall cross s
tion decreases with increasing exit angle because the
length in the medium increases. This is the explanation
the decrease in the surface plasmon intensity in going fr
60° to 70°.

Figure 3 gives the dependence ofKeff(E0,\v,a,u) on the
excitation deptha, with fixed exit angle (u50°) and energy
(E051000 eV). The relative importance of the surface pla

TABLE I. Values for Al of the parameter\g0 used in Eq.~20!
for calculation of the dielectric function.

E0 ~eV! 175 300 500 1180 2000
\g0 ~eV! 3.4 2.8 2.1 1.5 1.3
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1616 56A. COHEN SIMONSEN, F. YUBERO, AND S. TOUGAARD
mon is diminished when large depths are considered. Th
caused by the larger time the electron spends in the b
compared with the surface region. In addition, the figu
demonstrates howKeff(E0,\v,a,u) approaches the infinite
medium result@Eq. ~1!# for a→`. Notice that there is an
overall increase inKeff with decreasinga. The reason for this
is that the relative importance of the intrinsic losses and
losses in vacuum increases as a approaches zero.

Figures 4~a! and 4~b! show the energy dependence
Keff(E0,\v,a,u) for fixed excitation depth and exit angle (u
50°). At a5200 Å there is an overall attenuation ofKeff
with increasing energyE0 , as expected, but fora510 Å the
behavior is quite different. Here the bulk plasmon is alm
independent of energy. The reason for this can be fo
when the components ofKeff are considered.

FIG. 2. Exit angle dependence of the effective inelastic cr
sectionKeff in aluminum. The anglesu50°, 60°, and 75° where
considered. The energyE051000 eV and depth of excitationa
510 Å are fixed.

FIG. 3. The dependence ofKeff on the depth of excitation for
fixed energyE051000 eV and exit angleu50°. The depthsa
52, 10, and 50 Å were considered. In addition the figure inclu
the corresponding bulk inelastic cross section as calculated f
Eq. ~1!.
is
lk
e

e

t
d

In Fig. 5 the calculation has been divided into two cont
butions, where~a! ‘‘electron contribution’’ is a calculation
without the hole, and~b! ‘‘hole contribution’’ is the differ-
ence between a full calculation and the ‘‘electron contrib
tion,’’ which corresponds to the effect of the hole. Note th
this division is artificial since none of the two contribution
corresponds to the physical situation, but it helps the und
standing of the behavior in Fig. 4. The cross section that
obtains when the hole contribution is removed correspo
to the situation where an electron is suddenly created with
a hole state. This is different from the situation in EEL
experiments where the electron moves into the sample
out again. The two situations can therefore not be compa
The energy dependence of the ‘‘electron contribution’’
similar to that of Fig. 4~a!. However, the hole contribution to
the plasmon intensity increases with increasing energy
saturates forE0*2000 eV. This is expected for the follow
ing reason: in the limit of large electron velocity the electr
has, within the relaxation time of the plasmon, moved a la
distance compared with the wavelength of the typical pl
mon. Then the potential changes abruptly~within the relax-
ation time of the plasmon! and the probability for plasmon
excitation is large. For smallE0 we approach the adiabati
limit where the potential around the hole changes m
slowly and the probability for excitations is small. The su
of the two contributions@Fig. 4~b!# gives the total effective
cross sectionKeff , where the bulk plasmon is almost inde

s

s
m

FIG. 4. The energy dependence ofKeff with depth of excitation
and exit angle fixed ata5200 Å and u50°. The energiesE0

5500, 1000, and 2000 eV were considered~a!. The equivalent
figure when the depth of excitation is changed toa510 Å ~b!.
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56 1617QUANTITATIVE MODEL OF ELECTRON ENERGY LOSS IN XPS
pendent of energy and the surface plasmon decreases
increasing energy. Ata5200 Å @Fig. 4~a!# the relative
weight of the ‘‘hole contribution’’ is so small that the energ
dependence ofKeff is essentially as in Fig. 5~a!.

The present model has the property thatKeff→` for
\v→0. This is not observed in the REELS model4,5 and
must, consequently, relate to the sudden creation of the e
tron hole pair att50. Thus, it describes the well-know
skewed elastic peak shape observed
photoemission.11,12,16,17The assertion that intrinsic process
are responsible for the singularity inKeff is supported by the
fact that the tail is less prominent when long pathlengths
considered~Figs. 2 and 3!. That is, the relative weight o
extrinsic losses grows.

Figure 6 shows the dependence ofKsc(E0 ,\v,u) on the
exit angleu, for fixed energyE051413.5 eV corresponding
to the Al 2p peak excited with AlKa radiation. The overall
trend is that the ratio of the surface to bulk plasmon inten
increases when the exit angles increases.

Figure 7 gives the energy dependence ofKsc(E0 ,\v,u)
for fixed exit angleu50°. As expected, the surface to bu
plasmon ratio decreases with increasing energy, and the
below the curve decreases with increasing energy.

Figure 8 demonstrates how the core hole contributes
the energy loss. The figure givesKsc for E051413.5 eV and
u50°, together with its two components corresponding
the hole and the electron. From the figure it can be conclu

FIG. 5. Energy dependence of the ‘‘electron contribution’’~a!
and the ‘‘hole contribution’’~b! ~see text for definition!. The exci-
tation depth and exit angle are fixed ata510 Å andu50°. The
energiesE05200, 500, 1000, 2000, 5000, and 10 000 eV we
considered.
ith
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n

re

y
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that the hole gives rise to approximately 50% of the bu
plasmon loss, but contributes little to the surface plasm
intensity. For comparison, experiments have previou
shown that intrinsic excitations contribute by; 1

3 to the in-
tensity in the plasmon peak.18,19 Thus the assumption mad
by Chen and Chen9 of neglecting the effect of the core hol
cannot be justified by the present model or by experime
Notice further that the hole component has a negative lo
loss tail that is compensated by a positive tail from the el
tron component, andKsc is positive everywhere as expecte

In Fig. 9, a comparison is made between model spe
calculated according to Eq.~19! and experimental XPS spec
tra of the Al 2p line. The full width at half maximum of the
primary line shapeF(E) in the model calculation was dete
mined from the experiment. As previously noted we can o
compare with experiment in the region corresponding to o
inelastic scattering event. The experimental data in~a! and
~b!, which were taken from Bairdet al.,20 explores the exit

FIG. 6. Dependence of the path length integrated cross sec
Ksc @Eq. ~18!# on exit angle. The energy was fixed atE0

51413.5 eV corresponding to Al 2p excited with AlKa radiation.
The anglesu50°, 45°, and 60° were considered. The value of t
inelastic mean free path wasl525.4 Å ~Ref. 14!.

FIG. 7. Energy dependence ofKsc for fixed exit angleu50°.
The following energies and corresponding inelastic mean free p
were considered:E05175 eV (l56.2 Å), 500 eV (l511.5 Å),
1000 eV (l519.4 Å), 2000 eV (l533.9 Å).
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1618 56A. COHEN SIMONSEN, F. YUBERO, AND S. TOUGAARD
angle dependence of the losses. The elastic peak energyE0 is
1413.5 eV corresponding to excitation with AlKa radiation.
The surface to bulk plasmon ratio is well reproduced foru
50°, but atu560° the model exaggerates the surface pla
mon intensity. This discrepancy might be due to unwan
effects in the experiment such as roughening and/or oxi
tion. Furthermore the model assumes that the dielectric fu
tion goes abruptly frome(k,v) to 1 at r'50. This is not
very realistic and might give too strong a surface plasmon20

The experimental spectrum in Fig. 9~c! was taken with
synchrotron radiation athn5250 eV (E05175 eV) and
u50°.21 Comparison with the model calculation shows th
even for this low energy the model reproduces the corr
surface to bulk plasmon ratio. The convolution in Eq.~19!
involves integration over a diverging function
@F(E8)Ksc(E82E,\v,u) for E82E# and in fact it turns out
that the integral itself diverges~the elastic peak grows with-
out limit!. For this reason the integral in Eq.~19! was calcu-

FIG. 8. TheKsc cross section atE051413.5 eV andu50°. The
figure shows the full calculation and its two components, the ‘‘ele
tron contribution’’ and the ‘‘hole contribution’’~see text for defini-
tion!. The sum of the two contributions gives the full calculatio
result.

FIG. 9. Comparison of experimental XPS spectra of the Al 2p
line ~dots! and the corresponding model spectra calculated acco
ing to Eq.~19! ~full line!. Experimental data in~a! and~b! are taken
from Baird et al. ~Ref. 20! and have an elastic peak energy o
1413.5 eV and exit angles 0° and 60°, respectively. Data in~c! are
taken from Ref. 21 and have elastic peak energy of 175 eV and
exit angle.
-
d
a-
c-

t
ct

lated fromE10.05 eV and not fromE. The sensitivity to-
wards the chosen cutoff was small and the same cu
energy was used for all calculations. The deficiency is m
probably due to the assumed functional shape ofe(k,v) for
v close to zero, which is not accurately described by E
~20!. This is illustrated in Fig. 10 where the dielectric fun
tion in Eq. ~20! (k50) is compared with dielectric data ob
tained from optical measurements.22 It is clear that the di-
electric function in Eq.~20! fails to agree with the optica
data below an energy of 2–3 eV. Despite this limitation t
model has correctly reproduced the ratio of the elastic p
intensity to the plasmon loss intensity for all three cases~a!,
~b!, and~c! in Fig. 9.

IV. CONCLUSION

A model to describe electron energy loss in XPS expe
ments is developed. The procedure is analogous to a pr
ous model for REELS, which was successful in predicti
effective inelastic electron cross sections. For a given X
geometry and primary electron energy, the effective inela
cross section is determined. It includes the effect of the c
hole and, by application of the proper boundary conditio
also surface effects. A systematic study ofKeff for aluminum
metal reveals that the relative weight of surface loss featu
is enhanced for glancing emission angles and shallow e
tation depths. Furthermore, the energy dependence ofKeff is
strongly affected by the contribution of the core hole to t
energy loss. For increasing primary energy the core hole c
tributes increasing energy loss. This contribution satura
above a certain energy. The path length integrated cross
tion @Eq. ~18!# is used for evaluation of model spectra cor
sponding to one inelastic scattering event. Comparison w
experimental XPS of Al 2p shows good agreement foru
50° at E051413.4 eV and 175 eV, but foru560° the-
model overestimates surface losses. The cross section ca
resolved into components corresponding to losses produ
by the hole and by the electron itself. For Al 2p at u50°
this analysis shows that the hole contributes approxima
50% to the first bulk plasmon excitation.

-

d-

0°

FIG. 10. The real and imaginary parts of the dielectric functi
for k50. Full lines represents data calculated from Eq.~20! and
filled and empty circles are data from optical measurements~Ref.
22!.
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