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Model for quantitative analysis of reflection-electron-energy-loss spectra: Angular dependence
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A model to reproduce inelastic electron scattering cross sections as determined from reflection-electron-
energy-loss experiments is proposed. This model is an extension of model B from Yubero and TpRlggsird
Rev. B46, 2486(1992]. Here, a more general geometry is considered where the incidence and exit angles can
be varied. Then, for a given geometry and energy of the primary electrons, the dielectric function of the sample
is the only input for the calculations. A systematic study of the behavior of the model is presented for the case
of Si and Fe.

. INTRODUCTION If we consider an electron traveling through a thin foft,
it is found that the corresponding inelastic scattering cross
Quantification of electron spectroscopies as x-ray photosectionK,;(Eq.hw,b,a) is given by
electron spectroscopy, Auger electron spectroscopy, REELS
(reflection-electron-energy-loss spectrosoppyr x-ray ab- K .(Eg,Aw,b,a)=Kyu(Eo.A )+ Keytioi( Eo i w,b, @),
sorption spectroscopy rely on a thorough understanding of
the energy losses of electrons as they travel within the sufyhere in generalK 0i(Eo.% @,b,@) is a complicated
face region(up to 100 A depth of solids. Therefore, the function of e, the foil thickness, and the angle of incidence
study of the inelastic scattering properties of low-energyy of the primary electrons with respect to the surface normal
electrons(100—10 000 eV is very important for these sur- of the foil. K g,.10i(Eq.% @,b,a) gives the surface contribu-
face electron spectroscopies. tion to the total energy losses of the electrons. These surface
The inelastic electron scattering cross section describesxcitations are produced within a few angstroms of the total
the energy losses of electrons traveling in solids. In principlethickness of the foil localized at the two interfaces of the foil
this function depends on the energy of the electron interactyith the vacuum. The size of this “surface region” has a
ing with the solid, its trajectory, and the dielectric propertiesphysical extension that increases with the square root of
of the medium considered. the energyE, of the electrong® It comes out that, for
It is well known'? that the inelastic scattering cross sec-|arge enough thicknesses, the surface energy-loss function
tion Kyy(Eo,iw) for electrons traveling in an infinite me- |m{1/(e+1)} governs the inelastic cross section
dium is given by K surtroi(Eo i@, b, ).
The interpretation of inelastic electron scattering cross
sections obtained from REELS experiments appears more
1 Jk+ dk 1 complicated than the situations described above. The elec-
mEodp Jk K e(k,w) |’ trons follow many different trajectories inside the solid
within its surface region, and all of them contribute to the
measured cross section. Many autAdrave considered that
whereE,, fiw, andk are the kinetic energy, the energy loss, the combined effect of the surface and bulk excitations can
and the momentum transferred by the electron, respectivelfge modeled by a linear combination of {bve} and In{1/(e
k. =(2m/4%)Y{E{?+ (Eo—hw)* are the maximum and +1)}. Although reproducing the shape of experimental cross
minimum momentum transfer allowed by the energy andsections with this approximation is possible, the fitting pa-
momentum conservation laws, is the Bohr radius, ané  rameters carry limited quantitative informatibn.
the dielectric function of the medium. For small valueskof In Ref. 8 a model was considered where it is assumed that
the dependence afonk is weak compared with &/ so the the surface energy losses in a REELS experiment can be
general shape df,,«(Eq.fiw) is given as a first approxima- obtained from the surface energy losses calculated for a
tion by the energy-loss functiofELF) Im{1/e(w)}. Then, the transmission geometry when the thickness of the foil is large
ELF governs the energy losses of electrons traveling in thenough that the surface losses have reached their saturation
bulk of a solid. value’™ The validity of this approximation is ques-

Kpui(Eg,fiw) =
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normal. Att=—a/lv ; it enters the solid characterized by its
e=1 e=1 et | &=t dielectric functione(k,w). At the pointa=(a,0) inside the
solid att=0, it is elastically backscatered. Then, it changes
T S - direction and it leaves the solid with a velocity
Vo=(—0,0,0}0), Where v, ,=v cosé, and v ,,=v sin 6,

are, respectively, the components perpendicular and parallel
o to the surface, ané, is the exit angle. It is assumed that the

a b ¢ energy lost by the electrofw is much smaller than the pri-
mary energy of the electroBi,=3muv?, sol|v;|=|v,|.

FIG. 1. Trajectory followed by the electron in a REELS experi- | We want to_ calculate the inelasti_c electron single .scatter—
ment(a) and the equivalent pseudomedia(b) andM (c), which ~ INg Cross section to be compared with the cross section mea-
has been used in the present formalism to evalkate(see text ~ Sured experimentally in a REELS experiment. To do that, we

first have to obtain an expression for the effective inelastic
tionable because the major part of the electrons that contri2!€Ctron scattering cross sectiéii(Eo,%w,a,6;,6,). This

ute to the spectral intensity in the energy region of interes{S defined as the average probability that the electron shall
have traveled a path length less tha@ inelastic mean free |0S€ €nergyiw per unit energy loss and per unit path length
paths (IMFP). Thus, the surface term in Refs. 2, 3 variesWhen traveling in the trajectory described in Figa)l The
considerably for values ai up to ~2 IMFP’s. In practice, average is taken over the fotal path length
the surface term reaches its saturation Eo¥20E32%a x=a(1/cosb'i+1/posao) traveled by the elecftron_ln the splld.
(wherefow andE, given in eV, and a given in A which for Then, the experimental REELS cross section is a “weighted

the losses of interesup to ~100 eV} corresponds to path average” ofKei(Eo.fiw,a,6;,6,) for different values ofa
lengths larger than 1—2 IMFP. Furthermore, the geometry ofS€€ below _
the REELS experiment is different from the transmission ex- !t 1S found thatKei(Eo,iw,a,6;,6,) can be obtained
periment, and it is not clear that the surface energy losse€em the expressich
measured in an electron reflection experiment will be well —2i
reproduced by those calculated for electrons transmitte&eﬁ(Eo,ﬁw,aﬁi,HO)IRE{m
through a thin film.
A more realistic model was developed to describe the
electron energy losses in REELS experiméritds based on xf dkf er dt
a quantitative description of the energy losses of electrons
traveling in a certain REELS geometfyormal incidence of
the incoming electrons and specular reflection by an elastic
scattering event It takes into account the depth dependence 1)
of the effective inelastic scattering cross section. The formal-
ism allows one to obtain information about dielectric prop-where p.(r,t) is the charge density of the electron and
erties of solids as well as to estimate the IMFP. During thed, (k,w)=®(k,0)—®,,(k,w) is the potential induced by the
last years it has been successfully applied to severadlectron in the full spacgd(k,w) being the potential for the
material$®!! (Si, Si0,, ZrO,). situation in Fig. 1a) and ® (k,w) is ®(k,w) for e=1].
In this work we present an extension of that model to treafThen, the first step of our calculation of
a more general geometry in which both the angle of inci-K «(Ey,7%w,a,6;,6,) is to obtain the potentiab(k,w).
dence and exit angle for the electrons can be varied arbi- In this paper, the “surface reflection mod&f®has been
trarily. The only restriction is that both trajectories must lie used to obtair®P(k,w). It allows one to solve the problem of
in the same plane normal to the surface. calculating the potential of a system of moving charges
The present formalism is based on the so-called “surfacavithin a semi-infinite medium by considering two infinite
reflection model.*23 This model has been quite useful for pseudomedigsee Fig. 1 Then, to calculate the potential
applications in studies of particle-surface interaction pro-®(k,w) in the full Fourier space describing the situation of
cesses, and in calculations of the energy loss of particleBig. 1(a) two pseudomedia [Fig. 1(c)] andV [Fig. 1(b)]
reflected or moving in the proximity of a solid surfaCé?®  are considered. The pseudomedidmis an infinite medium
The approach allows one to derive the various interferenceharacterized by the dielectric functietk,w) with a surface
terms that influence the electron energy dissipation. In theharge density™ at x=0. In this pseudomedium we con-
frame of the proposed new formalism, model B in Ref. 9sider the electron and its image charge traveling while they
appears as a particular case for a given geometry. are inside the medium in the real cdség. 1(a)] i.e., for
times —al/v ;<t<alv,,. The pseudomediur¥ is vacuum
(e=1) with a surface charge density’ at x=0. Here we
consider the electron and its image charge traveling while
We study the problem of an electron traveling in a REELSthey are in vacuum in the real case, i.e., for tiv€s-a/lv | ;
geometry, as shown in Fig(d). An incident electron travels andt>al/v,,. The scheme is illustrated in Fig. 1, which
in vacuum toward a solid with a velocity;=(v,;,v;;), Shows the real systeipart (a)] and the equivalent pseudo-
wherev ;=v cos6é andv,=v sin 6 are, respectively, the mediaV [part (b)] and M [part (c)]. The fictitious surface
components perpendicular and parallel to the surfacegand chargeso™ and ¢ are introduced to be able to fulfill the
is the angle of incidence measured with respect to the surfadeundary conditiongsee below.

Xei(k.riwt )k'VPe(ryt)CDind(kyw)) y

Il. THEORY



53 MODEL FOR QUANTITATIVE ANALYSIS OF REFLECTION. .. 9721

The charge density,(r,t) describing the trajectory in the in Ref. 9. The approximation may be justified because of the
real space of the electron and its image chaigér,t) are  weak dependence af on k compared with the rest of the

given by terms in the integralS.
—es(r—a—vit), if t<0 From Egs.(2)—(8), it is straightforward to find the in-
P )= _es(r—a—vg), if t>0, (2 duced potentials [P}V (k,w,€)=dMV(K, 0,€)
o —PMV(k,w,e=1)]
_ | —ed(r—a’ —vjt), if t<0

per(1,1)= —ed(r—a’ —vjt), if t>0, ®) 4m 1

' ' |nd(k w)= d p (K,w) __1
where vi =(—v vi), Vo=(v10,010), @anda'=(—a,0) are
the velocity of the incident image charge, the velocity of the (e+2)(e—1)

exit image charge, and the point where it is backscattered, + ?7; FMM(K,)

respectively. e(e+1)

According to the surface reflection modéf:3the poten- s (e—1)
tial ®(k,w) in Fourier space is given b$" (k,w) while the r FMVik) —— 1) 9
electron is traveling in the medium—a/v ;<t<alv,,)
and by ®V(k,w) while the electron is traveling in vacuum Ao (e=1)
(t<—alv,; gndt>a/vm). Then, the pseudomedi andV DY (K,w)=— [FMM(k”)+ FMV(k)] ———= T
have been introduced to evaluate the pseudopoteriti¥ls (e+1)’
and ®. The Poisson equations of the two pseudomedia in (10
Fourier space are where
v ATy v M M M
P(k,w)= 17 [p (ko) + o (kj,0)], (4) p"(k,w)=py (K@) +p3 (K ), 11
i ie —e” —iQja ie ei!ZOa
OM(K, K,w)+ oMk 5 - -
( C!)) (k k2 [p ( C!)) g ( II's C!))] ( ) pl(k w) Q kl ULO Qo‘f'kl
Here, p¥(k,w) and pM(k,w) are the Fourier transforms of the . ka_ a-i®al ik a_ a0
pseudo charge densities in each pseudomedium, and they are + e|e-—e "y e e ,
given by vii | Qitk, viol Qo—k,
—alv i . )
pv(k,(u)=f Yt e""‘J dr e ™ pe(r,t) + per(r,t)] (12
- ie e_ikJ-a ie e_ikJ-a
o _ _ py (K, w)— — o @3
+f dt e'wtf dr e % [ p(r,t) + per(r.0)], Qi) violQotk
alv | o .
k = dk ie [e kia—g7ita
6 MM (k)= —— = =
o, ©®  FMk=5 ] gz ko) vl Qitik,
pM(k,w)If dt e'“tf dr e K pe(r,t) + per(r,0)]. . Zika  i0.a
alv,; ie [e iA—glo (14
(@) Ulo Q,—ik ,
The pseudo-surface-densities’(k,,») and o™(k;,w) Cioa
are determined by the requirement that the pseudopotentials v, = ki dk, Ko)= ie [ e
®Y and®™ and the normal components of the displacement k)=5, ), & P ko= vy | Qi—ik,
vectorsD ) andD M of each pseudomedia have to be con- _ ,
tinuous at x=0, ie, ®Y(x=0)=dM(x=0) and ie [ e 15
DY(x=0)=DM(x=0). From this it follows that T o otk (19
O'V(k” ,(1)): _O'M(k” ,C!)):(T(kH ,(,()) Where
with Q| o= (w— I(Ille o)lvm o
pM(K, ) Now, Egs.(2) and(9) (15) can be introduced in Eq1l) to

Ki Ki dk, |7t (= dk
U(ku'w):; 1+; f Ke(k,w) f_w w2 obtain Ke(Ep,hw,a, 6;,0,). We have to perform first the
integrals in space and time. In doing this, we have to take
ku € = dk, [pM(k,w) into account that we have a different expression for the
—Pv(k,w)} — 1 f s pseudopotential®“ and &V depending on where the elec-
—pV(k,w)|.

€

€ tron at a given time is located in real spa@®me Fig. L

Then, the effective inelastic scattering cross section can be
(8) expressed as the sum of four contributions, which correspond
to the losses of the electron while traveling in vaculs(ﬁfgf
To obtain the last expression, it has been assumed that eithgl,4 in the med|unK i for the |ncom|ng trajectory and in
ek, w)=¢€k,,w) or ek,w)=€e(w). Although the validity of 0 0
this approximation is not clear, it is needed to obtain an/aCUUMK g and in the mediunk . for the exit trajectory,
analytical expression. The same approximation was made in
the formalism for the thin foil transmission geométfyand

Ker=K U+ KM+ KMo+ K e (16)
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Each term can be found from the following expressions:

KYi=R 2le fdk K, +k ] g2y (k,w)| wo(k, — Q)i . 1
efft - (27)  hZwx L na(Ko)| ok, = £hy) k= )’ a0
M, —2e Uy 1—e '(kumfia
Keff':Re{m J i 2 et = ] ’ 19
Vo —2ie Ylo elk.a turton
Kef‘f:R m f dk kJ_ kH B L (I)md(k,w) 7T5(kl+Qo)_| W ’ (19)
y " 1—e ik +Qg)a

Equations(16)—(20) give the solution to the problem of finding.+ for a general REELS geometry. However, in the
following we will consider approximations that allow some integrals to be done analytically.

The integrals in momentum are given by the conservation laws for energy and momentum. Unfortunately a complete
analytical integration is not possible. However, with cylindrical coordinétbs=2mdk,dk, ) and extending the limits of
integration ovelk, to —oo<<k, <+oo, the integral ovek, can be done analytically. With this approximation we do not expect
large errors because the main contribution to the integral comes from small valkgaraf the integrand decreases roughly
as 1k° for k— *o using the functional shape for the ELF as in E80) (see below Assuming agaire= ek, ,w), it is found
that

K\E/flrzRe{ h2wmx LIULi IJ' ki e+l kf-f—Q.zl e' [ FMM (k) +FMV(k))] 1, (21
I
—€ v, v e—1 k|(k—iQ,) .
Kchr):Rﬁ’ P M;m HOJdk” e+1 llkfll+920 e 'Qoa[FMM(kO"‘FMV(kO]), (22)
o]

kMR _ZiGZaIdk 1 1 Ki +R —2¢? fdk 1 1 eitfhl-1 Y R
eff ﬁzﬂ'viix I e kf-l—Q-z ﬁzwvlowx I e Q;+Q, kf—kﬂcz) I vV, Ul

1) kla=ish)
ki + €

g M s

ki +Q7
e v i~y
+Re: hemlox  2v,; Jdk”
Mo R —2ie? afdk 1 L R 2e? fd 1 L e Wit 1k,
ef — " A2mv2, x e R —— kil = Q+Q, K+02
- 1 ) ky(ky+i€)

+Rel U“’Hv"fdk
Ui RProX v, e kf+Q3
—e Uio_ivl\o 1 kH(kH_iQo) ka iy M o
+Re{ hemox vy, fdk<6 1) kZ+Q2 (eh-e )p2 (kL= —iky)
_° ULOHU"I Ky (ky+i€,)
+Re{ h2mlwx  2v,, dk

kf+Q2
Notice thatk ° Mo can be obtained fror ' Mi by making the changes, ,— —v i, v, j— — V10, V)i— V)0, aNdvo—vy; -
Note also that i |n genermeﬁ(Eo,hw a, 00,00);& Keii(Eg,hiw,a,6q,6;), i.e., the losses experienced by the electron depend not
only on the line trajectory followed but also on the sense in which it is done. However, in practice the difference is very small.
We must discuss now the limits in which the present model can be compared with model B in Ref. 9. That model is valid
for normal incidence and exit angles of the electrons. This situation is given in the present model by consjgeting=0
andv,;=v, ,=v, which gives

(e M2 —e!%)p(k, =ik,)

ky(k—i42;)

(e+2)(e—1)

-1
et D) FMM(kH)— FMV( )

(97 ka_eiﬂia)] , (23)

k
I k”( Unu. llji)
Uy 1o

kZ+Q2

(e ka—e 1) pM(k =ik

(e+2)(e—1)

-1
e+ D) FMM(k H)_ FMV(kH)

(eka—eiﬂoa)} 2



—2€%

hlmu?

k\l

+
kf+Q2

Jarf2s

Keff( EO ,ﬁw,a,0,0) = R({

(e—1)(e+2)

+k; sinQa) e+ 1)

kHeka’1

whereQ=w/v.
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. e—1 2 N
X(Q cosQa+k; sina) E+—l+(ﬂ +kj)sin Qla cos(a

—2Q sinQa

9723

— 4%
flmvw2a

k|| _
fdk” (K+0?)?2 [k(e k22 cosQla)

1
1-— +(Qek2—Q cosQa

)

Keii(Eg,hiw,a,6,,6,) as a function of their primary energy

(e-1)

e(e+1) (25)

1
1- ;) — 2k, cosQa

This expression is identical to that of model B in Ref. 9 E,, the dielectric function of the systemik,w), the maxi-

for the limits a—0 anda—~. For other values of they

mum deptha reached by the electron before being elastically

differ by less than 5%. This is clear from Fig. 2, where thebackscattered, and the angles of incideficand exit 6, of
results for the effective inelastic scattering cross section fothe electron trajectory. However, the cross section deter-
Fe at 2000 eV are compared for two different paths travelednined from an experimental REELS spectfdrhas contri-
by the electron. This small deviation comes from the differ-butions from electrons that have reached different depths in
ent mathematical model descriptions for the evaluation of théhe solid. To compare this cross section with theory, it is

induced potentials used in the two models.
In the limit a—oe, only the first term in Eqs(23) and(24)
remains from the general expression oy [i.e., Eq.(16)]

necessary to estimate the path-length distribution funcfion
for those electrons that have undergone a single inelastic
scattering event.

and it can be shown that, as expected, for small incidence Small-angle elastic scattering is highly favored but this
and exit angles this term equals the inelastic electron scattedoes not affect the trajectory significantly. The transport
ing cross section for electrons traveling in an infinite me-mean free path for elastic scattering is much larger than the
dium. However, for large incident and exit angles this is notinelastic mean free paffi. Therefore, most of the REELS
the case. This is due to the approximations made in thelectrons in the energy range of interest have undergone a

model.

single large-angle scattering event. Then, for a fixed inci-

Until now, we have calculated analytical expressions fordence 6 and 6, angles, the contribution to the measured

0.0004

the effective inelastic  scattering cross
0.0008
i Fe
0.0006 |- Eg = 2000 eV
- X=1x

0.0002
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Ko(Eph0,2,0;, 6 )(eV ' AT
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o N ST T T O Y N A VR
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Energy loss ho (eV)

o
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FIG. 2. Effective inelastic scattering cross sectiog for Fe at
2000 eV calculated according to modlin Ref. 9 (pointg and in
this work by Eq.(25) (full line) for two path length§x=\ and 4
with A\=27.7 A) traveled by the electron. The dielectric function for
Fe was taken from Ref. 20.

sectioninelastic scattering cross sectid,(Ey,Aw,0,,6,) is a

weighted average over the total path length of
Ke(Eg.fiw,a,6;,6,) with the weight function given by
Q(Eq.X,6;,0,) as

Kd{Ep,fiw,0;,6,)

B f%odXQ(Eo,X,ei ,00)Keﬁ(Eo,ﬁw,a,9i ,00)
[2dXxQ(Eg X, 0, 6o)

(26)

The path-length distribution function for all the electrons
measured in a REELS experiment is, to a good approxima-
tion, given by® e ¥ where the characteristic length
L>\1%17Q in Eq. (26) is the path-length distribution func-
tion for those REELS electrons that have undergone a single
inelastic loss. If we assume that the inelastic events are in-
dependent, the scattering probability along the path traveled
by the electron will be given by a Poisson distribution, then
the probability that one electron has had only one inelastic
scattering is X/\)e ¥*. Q is therefore x/\)e X e XL,

In general, the inelastic mean free patit,) is related to
the inelastic electron scattering cross section by

-1

A(EO)=“:dﬁwK(Eo,ﬁw) (27)

We can define the effective inelastic mean free path
N\eit(Eg,a, 6; ,0,) for electrons traveling in the geometry de-
scribed in Fig. 1a) as
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Emax
[)\eff(Eovai ai 100)]71:‘[ dtheff(E01ﬁwvai ei !00)

low 10%.

Then, the inelastic scattering cross section determined
from REELS can be written as E6) with Q(Eg,X, 6, , 6,)
given by

0 - Si
0.006 |-
+[)\C(EO)]_11 (29) i 45°
whereE . is the maximum energhw available forK .« and - X=*
\. accounts for the scattering contribution of the core levels _ 0.004 B
at binding energies abovi,,,.!® For a typical case with i E 8006V
Ema=100 eV, the correction introduced By in Ao is be- o002 [ " 206 A

X

efx/)\eﬁ(Eo,a, ;i ,eo)efx/L_
Aer(Eo.a,6;,0,)

Q(Eoyxiei 100):

Koq(Egh,2,0, 0, )(eV! A
=)
g

(29

In the limit of L>\ and\.«(Ey,a, 6;,6,) =\(Ey) we obtain
the same expression fét,. as in Ref. 9.

Equation(26) allows us to calculate the inelastic electron
scattering cross section as determined from a REELS experi-
ment in a general geometry, if the dielectric functigi,w)
of the medium is known. To model the ELF we have used the
expansion in Drude-Lindhard type oscillattt!2021

-

0.002

cev e by e by e by By

10 20 30 40
Energy loss to (eV)

0

0 50

1
e(k,w)

_ " Ai'yiﬁw
TE (WPl — 120+ yhw?

FIG. 3. Path-length dependence &fy; for fixed energy

X O(hw—Eg), (30) (Ex=800 eV) and geometry ¢ =0°, §,=45°) for Si (uppey and Fe
. g (lower). The four path length&/2, A, 2\, and 4 with \ given by
with the corresponding values for Si and FeEg=800 eV[20.6 and
2K 13.7 A, respectivelyRef. 19] have been considered.
ﬁwOik=ﬁw0i+ai _2m (31)
Ill. RESULTS AND DISCUSSION

HereA;, v, andwy; are the oscillator strength, width, and
energy position of théth oscillator. The dependence of;;,
on k is in general unknown, but Eq31) is generally ac-

We have made a systematic study of the model for Fe and
Si. The ELF for Si and Fe were taken from Ref. 10 and Ref.
20, respectively. The aim of this section is to show the trends

cepted Withai_as an adjustable parameter. The step functionq)owed by Ko and K. within this formalism as the vari-
a(ﬁw—Eg) is included to describe the effect of an energy gpes involved Eo o, €,a,6;,0,) change.

band gapE, in semiconductors and insulators so that [igyre 3 s?u')ws, the pc:a\th—length dependence of
Ohw—Ey)=0 if ho<Eq and 6=1 if iwv>E,. For metals (g %4 a 6.,6,) for fixed energyE,=800 eV} and ge-
Ey=0. We have de_C|ded to parametrlze the ELF mgteael of ometry(6.=0°, 6,=45) for Si (uppei and Fe(lower). Four
because the functional shape given to the ELF is closelyjitarent path lengthx have been chosen corresponding to
related with the features appearing in the experimental 10S§/> )\ 2\ and 4 wherex=20.6 A for Si and 13.7 A for Fe
spectra. Besides, it allows one to perform analytically a,ve peen taken from the literatthie.

Kramers-Kranig transformation of Ifil/e} to obtain

NERE.

=1

2 (g 1
+Efo 'm{ e(k,z)]

From Im{1/e} and Ré1/e}, the real and imaginary parts of
the dielectric functione=¢,—ie,) are given by
3 Re{1/e}
~ (Re{1/e})?+ (Im{1/e})?’

Ai(hzwgik_ﬁzwz)

(h2wg—h2w?)?+ yih2w?

1

e(k,w)

zdz

-

5. (32

€1

3 Im{1/e}
27 (Re[l/eh) 2+ (Im{1/e)) %

(33

For Si, the surface and bulk plasmons are clearly identi-
fied as the features at1l and~17 eV, respectively. It is
observed that, as expected, the surface plasmon is attenuated
as the total path length increases. For Fe the effect is similar
with the attenuation of the feature a8 eV, which is mainly
related with the surface lossgs.

For 6,= 6,=0°, pronounced oscillations that vary with
the path are observed ft;.° This is due to the interference
of the field set up by the incoming electron on the outgoing
electron. When the incidence and exit angles differ from
zero, the overlap between the two trajectories decreases and
correspondingly these oscillations disappear. This is consis-
tent with the results in Fig. 8compare Fig. 3 of this work
with Fig. 6 of Ref. 9 for the case of Fe and Fig. 6 from Ref.
10 for Si.

Figure 4 of

shows the geometry dependence
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FIG. 4. Geometry dependence I for fixed primary energy FIG. 5. Energy dependence Kt for fixed path lengthX) and
of the electron€;=800 eV and path Iength=2Q.6 A for Si (l_Jp- geometry(6,=0°, 6,=45°) for Si (uppe) and Fe(lower). Three
pen andx=13.7 A for Fe(lower). Three geometries are considered energies(E,=300, 800, and 2000 eVare considered. The path

with a fixed angle of incidenc# =0° and the exit angleg,=0°, lengthsx=13.7 A for Fe andk=20.6 A for Si are used.
45° and 75°.

Kei(Eg,hw,a,6;0,) for fixed primary energy of the elec- crease with the primary energy of the electrons. In our case,
tronsE,=800 eV and path lengtk=N\, for Si (uppe) and Fe  the active surface region for electrons of 2000 eV is a factor
(lower). For fixed angle of incidencé =0° three exit angles 2.6 larger than for electrons of 300 eV. This is approximately
0,=0°, 45°, and 75° are considered. For glancing exit angleshe enhancement of the surface plasmon with respect to the
the surface losses are enhanced with respect to the buBulk plasmon for these same energies for Si in Fig. 5. The
losses as expected. Note that although the path length tragame effect must be observed in a transmission experiment
eled by the electron inside the solid is the same for all anglesyg the primary electron energy is changed, as predicted by
the area increases and by that the effective inelastic meagjichie?
free path as defined in E(R8) decreases with increasing exit |, Fig. 6, the energy dependence Ki(E,.%®, 6, ,6,)
angle. This_, is due to_ the inc_reased time of interaction of thequ' (26)] for fixed geometry(=0°, §,=45° for Si (uppe)
electron with the solid after it has escaped. nd Fe(lower) is shown. Three energi¢&,=300, 800, and
K F(lgurg a50- sah;)\;\gsr fixt:; a;n;aerr?ytmfip:r?geg%?n— %5000 eV} are considered. The same overall attenuation of
et?f)f/ (09,20(1:’ 0 ':’4500) for Si (ugpeb andg Fe(lowen %]'hree when E, increases is observed as in Fig. 5. The expected
energiles(E ’:%00 800, and 2000 \are consideréd relative attenuation of the surface losses with respect to the
0 ’ X : bulk losses for increasing primary electron energy is ob-

The expected overall attenuationkf; asEg increases is . .
observed. However. an effect that is not obvious is the fol_served. This is because electrons with short path lengths have

lowing: in Fig. 5, the relative contribution of the surface  'élatively higher weightEqgs. (26) and (29)].

losses with respect to the bulk losses is enhanced at higher Figure 7 shows the geometry dependence of
primary energies. This happens for both materials, but it i€sdEo.7®,6;,6,) for fixed primary energyE,=800 eV for
more clearly seen for Si, which has a pronounced surfac&i (upped and Fe(lower). Three geometries are considered
plasmon peak. Normally one might expect the relative surWith fixed incidenceg =0° and exit anglegj,=0°, 45°, and

face excitations to be highest for the lowest primary energies/5°. As we consider more glancing exit angles the surface
The explanation is given by the fact that the physical extenlosses are enhanced with respect to the bulk losses as ex-
sion of the surface excitations is roug?lhy/wp wherev is  pected. Note that the area increases and by that the inelastic
the velocity of the electron anflw, is the bulk plasmon mean free path decreases with increasing exit angle. This is,
energy. Then, the region active to surface excitations is proas above, due to the increased time of interaction of the
portional to the square root of the primary energy of theelectron with the solid after it has escaped.

electrons. This means that, if we consider a fixed path for the In the following pape¥ the validity of the model pre-
electron trajectory, the “size” of the surface region will in- sented here has been tested experimentally.
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5 L 2000 eV, >  0.002 —
© - L i
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FIG. 6. Energy dependence K for fixed geometry(6,=0°,
6,=45°) for Si (uppey and Fe(lower). Three energiesE,=300, FIG. 7. Geometry dependencekof. for fixed primary energy of
800, and 2000 eyVare considered. the electron€E(=800 eV for Si(uppey and Fe(lower). Three ge-
ometries are considered with fixed angle of incideee0° and the
exit anglesf,=0°, 45°, and 75°.

IV. CONCLUSIONS

A model to calculate inelastic electron scattering cross gq. g given trajectory the effective inelastic scattering

sections for electrons traveling in a general reflection 9€0Mz1es section is almost symmetrical with respect to the inter-

etry is proposed. It is based in the so-called surface reﬂectioghange of the incidence and exit angles. Besides, the ratio of
model. Within the formalism developed in this paper, for a . . ! .
surface to bulk losses is enhanced for increasing primary

iven geometry and energy of the primary electrons, the di ) . ;
g g y 9y P y electron energies because the physical extension of the re-

electric function of the sample is the only input for the cal- = . .
culations of the cross section as determined from analysi@ion Where surface losses can take place increases with the

REELS experiments. A systematic study of the behavior offimary electr_on energy. o _ _
the model is presented for the case of Si and Fe. Features The formalism is promising for prediction of the inelastic
related with surface losses are, as expected, enhanced sg@ttering cross section for electrons backscattered from the

lower primary energies and glancing angles. surface of solids.
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