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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[S0163-182807)04532-3

In x-ray photoemission spectroscopy of solids, satellites In this paper we study the case of emission processes
due to discrete losses can be observed near the core-leviedbm adsorbed atoms at solid surfaces within linear-response
peaks:™ These lossefexcitation of collective modes, bulk theory together with the dielectric response function
and surface plasmons, and single-particle transitions in thgormalismt® in order to calculate the energy loss associated
medium) may have two origins: the movement of the emittedwith the first surface plasmon satellite. The specular reflec-
electron, which accounts for the extrinsic losg@sportant  tion model of Ritchie and Marus&kallows one to take into
in hot-electron scattering) and the atomic optical ionization account nonlocal effects in the surface response: Dispersion

process, which accounts for the intrinsic part of the energy, the surface collective modes and the continuum of

loss. However, experimentally, these processes are not seRgactron-hole pairs are included. This approach supplies ex-

rable because they are coherent and interfere, but, from t ; ; :
; ; X . o ' . It'?ressmns that allow the use of optical experimental data as
theoretical point of view, we are able to identify all the dif- well P P

ferent contributions to the energy loss of the photoelectrons. The energy losses due to the ionization of the neighboring

This concept of intrinsic, extrinsic and interference was in- L .
troduced by Chang and Langretion the other hand, deal- adsorbates have been calculated within the first Born ap-
: Jproximation. The ionization process involves the creation of

ing with adsorbate core levels, the ionization of the neigh oot .
boring adsorbed atoms can also take place. a photoelectron and an ionized atom left behind. We con-

Since the early 1970s, several theoretical calculation§ider the electron and the atomic héharge equal tot 1)
have been presented using the so-called Hamiltonian fhode¢reated at timeé=0 and at a distance=z, from the surface
and assuming a straight-ine trajectory for thethaF is located az=0. T_he .SO|Id corre_sponds to the<0
photoelectrorf:®~*% Although the dispersion can be imple- region, where the direction is perpendicular to the surface.
mented through the energy of the plasma modes, the Hamilhile the electron has a velocity= (vy,v,) at an anglef to
tonian models are unable to account for Sing]e_partide tranme Surface, the hole CharaCteriZing the ionized atom remains
sitions. Bradshavet al? estimated an experimental intrinsic atz=2zo. A scheme of the situation can be seen in Fig. 1.
effect to be about one order of magnitude smaller than the A charged particle in the proximity of a surface modifies
prediction of the Hamiltonian model with an undispersivethe distribution of Charge in the material medium. This leads
surface p|asmon energy for the flevel of oxygen adsorbed to an induced potential that playS an important role in the
on an A(111) surface. Inglesfiefd5took into consideration dynamics of the moving charged particfés®* The interac-
the wave nature of the photoemitted electron and confirme#ion between the electron, the hole, and the solid surface has
the validity of assuming classical straight electron trajectobee” treated within the well-known specular reflection model
ries. It turns out to be a good approximation since the recoifSRM). In this model the induced charge density and image
of the electron is not so important in plasmon excitation.Potential are given in terms of a surface response function
Seymour and collaboratdtstudied the plasmon satellites in 9s(Q,®), which in turn can be obtained from the wave-
core-level photoemission from sodium overlayers oflAl) ~ Vector-dependent response functigfu,») of the bulk sys-
using a semiclassical hydrodynamic model to describe théem. The surface response function réads
response of the substrate-overlayer system. Karlssamh'®
stressed the importance of final-state effects in photoelectron e(Q,w)—1
spectroscopy, particularly in the Schottky-barrier formation. 9s(Q,w)= Qo)1 (1)
The core-level shifts were calculated within a wave-vector-
dependent image-screening model. More recently, relate@here
matter has been reported by Chen and CHevho derived a
deconvolution formula including surface effects in the Lan- Q (= 1 1
dau formula for the background subtraction of electron spec- €(Q,0)= _f 0= ——. )
tra. m) - g2 €(dw)
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4 finds AE=AE o+ AE ter+ AEj;, Where

_f dQ [=dw 27 2we *% . L a
) (2m2)o 27 Q Q24 (Qu,)? Q).

A Taking the induced potentials given by the SRM, one
|
|
|
|
[
1
|
]‘
|
| R«(Q,w), (7b)

_f dQ [>dw 27 —4Qe Q%
e ) (2m?lo 2m Q 024+(Qu,)?

and

C_L[9Q 27 supg -
E|nt—2f(zw)2 o€ “Rd-0:Qu)l. (79

\\

These terms are the extrinsic, the interference, and the
intrinsic loss, respectivelyQ) = w — Qv, and Rs=Im[ —g].
Assuming a Drude bulk dielectric function, one has
IM[ —g4(Q,w) = (7/2)ws6(w—wg) In the limit of zero
damping.ws is the surface plasmon energy. Taking:© in
Egs.(7) the energy loss is given By

/, .
// :Is(q, 00/
////////////////// /
| _mog[ 1 Qw 1—e 2%

FIG. 1. Emission and channels of the energy loss scheme under AE= __
investigation. 2v | 2 sing Tws 2QZy

®

unit time for a chargez, moving with spatial coordinates Minimum wavelength of the surface polarization waves in

r, (t) is given, in terms of its induced potential, by the electron %%%' In this expression the first term is the
! extrinsic los$>? the second the interference loss and the
W(t)=Z,v-VMa(rt),_,_ . (3)  lastone corresponds to the screening energy of the core hole,
A i.e., the intrinsic shift.

This rate has two contributions, one conservative and the The energy loss dl.Je to the ionization of t.h.e ne|ghb_or|ng
other dissipativé® adsorbate is found in terms of the transition amplitude

a;;(e,b) from the electronic atomic stafe with ionization

W=Weonst Wyisss (4 potentiale;, to the statef, with energye above the vacuum
_ level, as
with
dg™ AEin(b)=2 > fda(ﬁa)fzwd—"’la- (eD)? (9
Wcons(t)zle(rvt)r:rzl (5) on i f 0 ! 0o 2m e
and In this formulab is the minimum distance from the pho-

toelectron trajectory to the neighboring atom, i.e., the impact
©6) parameter. The transition amplitude has been calculated
within the first Born approximation. In this approximation

_ o _ one ha®3!
Since the polarization and, consequently, the induced po-

tential vanish at=0 andt=o, the total energy loss under- 1 4T

gone by the photoelectron will be given by integrating along aif(e,b)= —zf dk e P—(fle'9i), (10

the whole trajectory the rate given by E@) for the total 4y aq

potential (the potential induced by the electron plus the po-yherer s the electron vector position relative to the target

tential induced by the positively charged holhe electron- 451 andq is the transferred momentum in the interaction
hole-surface system is a coupled system and thus the energy

spectrum of the emitted electrons depends on all the dissipa- (e+€) -
tive processes taking place. This means that together with the =

energy dissipated by the electron due to the total potential

there will exist an energy shift that precisely corresponds tqyith

the screening energy of the core hole. The total amount of

energy dissipated by the hole due to its sudden creation is k, -v=0. (12
twice its screening energy: One-half shifts the photoelectron

loss spectrum and the other half is spent in its screening in Both the electron energies and wave functions have been
front of the surface. approximated to those of the isolated neutral atom. For their

ind

Wdiss(t):_zl (rvt)r:rzl-

at

+k, , (11
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FIG. 2. Electron energy loss due to the dissipation at the sub- |G, 3. Energy loss due to the substrétetted ling and the
strate and the contribution of the different processes depicted gsnergy loss due to the ionization of a neighboring atdmmoken
functions of the angle of emission. The continuous line representgne) depicted as functions of the escape angle for two different
the energy loss assuming the Mermin prescription in the bulk rezgsorhategAr and Xe. The continuous line represents the total
sponse functiore(q,») and the dashed line the same for a Drude-|oss in each case. The kinetic energy of the photoelectron is 1 keV

like appro?(imfition with zero damping. The core sitezjs=2 a.u. ‘and the substrate is graphite;&1.447 a.u. andy=10 eV). The
and the kinetic energy of the electron is 730 eV. The substrate igjstance between the adsorbates is twice its atomic r4diésa.u.

aluminum simulated with an electron mean radiys 2.07 a.u. and  for Ar and 4.1 a.u. for Xeand the core site i8,=2 a.u. For both
a electron damping ratg=1.35 eV. The points are the experimen- aqsorbates, only the ionization of the outer shells have been con-
tal data obtained by Bradshaw, Domcke, and Cederbdeh 2. sidered: for Ar, the 8 and 3 levels and for Xe the d, 5s, and

5p levels. The inset shows the behavior at large angles.
calculation we have used a Hartree-Fock-Slater model poten-

tial together with a Numerov algorithi, to be lower because repulsion between valence electronic

For_th_e surface response funchgg(Q,w)_, the_ Mermin clouds of the adsorbate and the screening electrons of the

prescription to the random-phase approximation has been . L o ) .

; . 23 . medium occurs and the intrinsic shift is overestimated in our
considered ire(q,w).> In Fig. 2 the energy loss as a func- model

tion of the escape angle of the p_ho'_[oelectron W't.h a kinetic To summarize, the energy loss due to the excitation of
energy of 730 eV is shown for emission from aluminum. The : . -
urface plasmons and single-particle transitions and due to

nonlocal effects shift down the energy loss and give differen S . . . . :
. . . he ionization of neighboring atoms in the electronic emis-
results mainly for trajectories closer to the surface where th%e

scattering brocesses with areater transferred momentum ta ion from adsorbates at solid surfaces has been calculated.
gp 9 onlocal effects in the surface response have been included

place. SO
In Fig. 3 the energy loss taking into account the ionizationthrough the SRM. The energy loss due to the ionization of

- - , the neighboring atoms has been found to be relevant only for

of a neighboring atom is shown. As can be observed, only(/ . :
. o ery close trajectories.

for very close trajectorie¢in fact, the electron crosses the
electronic cloud is the relevant contribution the ionization.  The authors gratefully acknowledge E. Zaremba, R. Diez
This means that the effect of the absorbate excited core in thduino, and F. J. Gareide Abajo for fruitful discussions in
ionization of the neighboring atom is negligible. For anglesconnection with this research. This project has been sup-
greater than~45° the screening is completely dominated by ported by the Ministerio de Educaciy Ciencia, Spain; the
the substrate. In any case, the energy loss indeed is expectBdsque Government; Eusko Jaurlaritza; and Iberdrola S. A.
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