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Energy loss in electronic emission from solid surfaces
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We investigate the energy loss from inelastic losses due to excitation of the substrate and neighboring atoms
during the emission of electrons from atoms weakly adsorbed at solid surfaces. The ionization losses are
important only for trajectories close to the surface; for greater electron escape angles the substrate gives the
main contribution.@S0163-1829~97!04532-3#
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In x-ray photoemission spectroscopy of solids, satelli
due to discrete losses can be observed near the core-
peaks.1–4 These losses~excitation of collective modes, bulk
and surface plasmons, and single-particle transitions in
medium! may have two origins: the movement of the emitt
electron, which accounts for the extrinsic losses~important
in hot-electron scattering5,6! and the atomic optical ionization
process, which accounts for the intrinsic part of the ene
loss. However, experimentally, these processes are not s
rable because they are coherent and interfere, but, from
theoretical point of view, we are able to identify all the d
ferent contributions to the energy loss of the photoelectro
This concept of intrinsic, extrinsic and interference was
troduced by Chang and Langreth.7 On the other hand, deal
ing with adsorbate core levels, the ionization of the neig
boring adsorbed atoms can also take place.

Since the early 1970s, several theoretical calculati
have been presented using the so-called Hamiltonian mo8

and assuming a straight-line trajectory for t
photoelectron.7,9–13 Although the dispersion can be imple
mented through the energy of the plasma modes, the Ha
tonian models are unable to account for single-particle tr
sitions. Bradshawet al.2 estimated an experimental intrins
effect to be about one order of magnitude smaller than
prediction of the Hamiltonian model with an undispersi
surface plasmon energy for the 1s level of oxygen adsorbed
on an Al~111! surface. Inglesfield14,15took into consideration
the wave nature of the photoemitted electron and confirm
the validity of assuming classical straight electron trajec
ries. It turns out to be a good approximation since the re
of the electron is not so important in plasmon excitatio
Seymour and collaborators3 studied the plasmon satellites
core-level photoemission from sodium overlayers on Al~111!
using a semiclassical hydrodynamic model to describe
response of the substrate-overlayer system. Karlssonet al.16

stressed the importance of final-state effects in photoelec
spectroscopy, particularly in the Schottky-barrier formatio
The core-level shifts were calculated within a wave-vect
dependent image-screening model. More recently, rela
matter has been reported by Chen and Chen,17 who derived a
deconvolution formula including surface effects in the La
dau formula for the background subtraction of electron sp
tra.
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In this paper we study the case of emission proces
from adsorbed atoms at solid surfaces within linear-respo
theory together with the dielectric response functi
formalism18 in order to calculate the energy loss associa
with the first surface plasmon satellite. The specular refl
tion model of Ritchie and Marusak19 allows one to take into
account nonlocal effects in the surface response: Disper
in the surface collective modes and the continuum
electron-hole pairs are included. This approach supplies
pressions that allow the use of optical experimental data
well.

The energy losses due to the ionization of the neighbor
adsorbates have been calculated within the first Born
proximation. The ionization process involves the creation
a photoelectron and an ionized atom left behind. We c
sider the electron and the atomic hole~charge equal to11!
created at timet50 and at a distancez5z0 from the surface
that is located atz50. The solid corresponds to thez,0
region, where thez direction is perpendicular to the surfac
While the electron has a velocityv5(vx ,vz) at an angleu to
the surface, the hole characterizing the ionized atom rem
at z5z0. A scheme of the situation can be seen in Fig. 1

A charged particle in the proximity of a surface modifi
the distribution of charge in the material medium. This lea
to an induced potential that plays an important role in
dynamics of the moving charged particles.20–22 The interac-
tion between the electron, the hole, and the solid surface
been treated within the well-known specular reflection mo
~SRM!. In this model the induced charge density and ima
potential are given in terms of a surface response func
gs(Q,v), which in turn can be obtained from the wav
vector-dependent response functione(q,v) of the bulk sys-
tem. The surface response function reads23,24

gs~Q,v!5
es~Q,v!21

es~Q,v!11
, ~1!

where

es~Q,v!5
Q

pE2`

`

dqz

1

q2

1

e~q,v!
. ~2!
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Following previous authors,25 the rate of energy loss pe
unit time for a chargeZ1 moving with spatial coordinate
rZ1

(t) is given, in terms of its induced potential, by

w~ t !5Z1v•¹f ind~r ,t !r5rZ1
. ~3!

This rate has two contributions, one conservative and
other dissipative:26

w5wcons1wdiss, ~4!

with

wcons~ t !5Z1

df ind

dt
~r ,t !r5rZ1

~5!

and

wdiss~ t !52Z1

]f ind

]t
~r ,t !r5rZ1

. ~6!

Since the polarization and, consequently, the induced
tential vanish att50 andt5`, the total energy loss under
gone by the photoelectron will be given by integrating alo
the whole trajectory the rate given by Eq.~6! for the total
potential~the potential induced by the electron plus the p
tential induced by the positively charged hole!. The electron-
hole-surface system is a coupled system and thus the en
spectrum of the emitted electrons depends on all the diss
tive processes taking place. This means that together with
energy dissipated by the electron due to the total poten
there will exist an energy shift that precisely corresponds
the screening energy of the core hole. The total amoun
energy dissipated by the hole due to its sudden creatio
twice its screening energy: One-half shifts the photoelect
loss spectrum and the other half is spent in its screenin
front of the surface.

FIG. 1. Emission and channels of the energy loss scheme u
investigation.
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Taking the induced potentials given by the SRM, o
finds DE5DEext1DEinter1DEint , where

DEext5E dQ

~2p!2E0

`dv

2p

2p

Q

2ve22Qz0

V21~Qvz!
2

Rs~Q,v!, ~7a!

DEinter5E dQ

~2p!2E0

`dv

2p

2p

Q

24Ve22Qz0

V21~Qvz!
2

Rs~Q,v!, ~7b!

and

DEint5
1

2E dQ

~2p!2

2p

Q
e22Qz0Re@2gs~Q,v!#. ~7c!

These terms are the extrinsic, the interference, and
intrinsic loss, respectively.V5v2Qvx and Rs5Im@2gs#.
Assuming a Drude bulk dielectric function, one h
Im@2gs(Q,v)#5(p/2)vsd(v2vs) in the limit of zero
damping.vs is the surface plasmon energy. Takingv→` in
Eqs.~7! the energy loss is given by2

DE5
pvs

2v S 1

2 sinu
211

Qcv
pvs

12e22Qcz0

2Qcz0
D . ~8!

Qc is the parallel momentum cutoff that accounts for t
minimum wavelength of the surface polarization waves
the electron gas.27 In this expression the first term is th
extrinsic loss,28,29 the second the interference loss and t
last one corresponds to the screening energy of the core h
i.e., the intrinsic shift.

The energy loss due to the ionization of the neighbor
adsorbate is found in terms of the transition amplitu
ai f (e,b) from the electronic atomic statei , with ionization
potentiale i , to the statef , with energye above the vacuum
level, as

DEion~b!5(
i

(
f
E

0

`

de~e1e i !E
0

2pdw

2p
uai f ~e,b!u2 ~9!

In this formulab is the minimum distance from the pho
toelectron trajectory to the neighboring atom, i.e., the imp
parameter. The transition amplitude has been calcula
within the first Born approximation. In this approximatio
one has30,31

ai f ~e,b!5
1

4p2v
E dk'eik'•b

4p

q2
^ f ueiq•ru i &, ~10!

wherer is the electron vector position relative to the targ
atom andq is the transferred momentum in the interactio

q5
~e1e i !

v
v̂1k' , ~11!

with

k'•v50. ~12!

Both the electron energies and wave functions have b
approximated to those of the isolated neutral atom. For th

er
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calculation we have used a Hartree-Fock-Slater model po
tial together with a Numerov algorithm.32

For the surface response functiongs(Q,v), the Mermin
prescription to the random-phase approximation has b
considered ine(q,v).33 In Fig. 2 the energy loss as a func
tion of the escape angle of the photoelectron with a kine
energy of 730 eV is shown for emission from aluminum. T
nonlocal effects shift down the energy loss and give differ
results mainly for trajectories closer to the surface where
scattering processes with greater transferred momentum
place.

In Fig. 3 the energy loss taking into account the ionizat
of a neighboring atom is shown. As can be observed, o
for very close trajectories~in fact, the electron crosses th
electronic cloud! is the relevant contribution the ionization
This means that the effect of the absorbate excited core in
ionization of the neighboring atom is negligible. For ang
greater than;45° the screening is completely dominated
the substrate. In any case, the energy loss indeed is exp

FIG. 2. Electron energy loss due to the dissipation at the s
strate and the contribution of the different processes depicte
functions of the angle of emission. The continuous line repres
the energy loss assuming the Mermin prescription in the bulk
sponse functione(q,v) and the dashed line the same for a Drud
like approximation with zero damping. The core site isz052 a.u.
and the kinetic energy of the electron is 730 eV. The substrat
aluminum simulated with an electron mean radiusr s52.07 a.u. and
a electron damping rateg51.35 eV. The points are the experime
tal data obtained by Bradshaw, Domcke, and Cederbaum~Ref. 2!.
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to be lower because repulsion between valence electr
clouds of the adsorbate and the screening electrons of
medium occurs and the intrinsic shift is overestimated in
model.

To summarize, the energy loss due to the excitation
surface plasmons and single-particle transitions and du
the ionization of neighboring atoms in the electronic em
sion from adsorbates at solid surfaces has been calcula
Nonlocal effects in the surface response have been inclu
through the SRM. The energy loss due to the ionization
the neighboring atoms has been found to be relevant only
very close trajectories.

The authors gratefully acknowledge E. Zaremba, R. D
Muiño, and F. J. Garcı´a de Abajo for fruitful discussions in
connection with this research. This project has been s
ported by the Ministerio de Educacio´n y Ciencia, Spain; the
Basque Government; Eusko Jaurlaritza; and Iberdrola S.
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FIG. 3. Energy loss due to the substrate~dotted line! and the
energy loss due to the ionization of a neighboring atom~broken
line! depicted as functions of the escape angle for two differ
adsorbates~Ar and Xe!. The continuous line represents the tot
loss in each case. The kinetic energy of the photoelectron is 1
and the substrate is graphite (r s51.447 a.u. andg510 eV!. The
distance between the adsorbates is twice its atomic radius~3.6 a.u.
for Ar and 4.1 a.u. for Xe! and the core site isz052 a.u. For both
adsorbates, only the ionization of the outer shells have been
sidered: for Ar, the 3s and 3p levels and for Xe the 4d, 5s, and
5p levels. The inset shows the behavior at large angles.
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