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Derivation of inelastic-electron-scattering cross sections from quantitative analysis
of reflection-electron-energy-loss spectra
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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 patiDIIMFP) for bulk excitations and the differential surface excitation param&8EP
for surface effects. Based on transport theory, the inelastic scattering cross 8&&ipn E,— ) experimen-
tally determined from reflection-electron-energy-loss spectros(REELS can be related to the bulk DIIMFP
and DSEP. From this relation, a method to derive the bulk DIIMFP and DSEP from experinkiiial
—Eq— w) 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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[. INTRODUCTION incident electron energy and is the electron-energy loss.
The experimentally determine(Eq— Ey— w) are signifi-

The information about the inelastic scattering propertiesantly different from the conventional DIIMFP for bulk ex-
of medium energy electron®00—-2000 ey near solid sur- citations due to the effect of surface excitatién&?-2>The
faces is both of fundamental and practical importance due tmethod of Tougaard and Chorkendorff becomes especially
the fact that surface electron spectroscopies such as Augeattractive because the determined DIIMFP may be applied to
electron spectroscopfAES) and x-ray photoelectron spec- remove the inelastic background signal from AES or XPS
troscopy (XPS) are greatly affected by inelastic-scattering spectr&!?2262” However, an inherent problem is that
events experienced by electrons. An important quantity irK(E,— Ey— w) determined from REELS data contain infor-
connection with quantitative analysis of surface electrormation associated with electrons traversing the solid-vacuum
spectroscopies is the differential inverse inelastic mean fresurface twice while, in the AES or XPS measurement, the
path(DIIMFP). Dielectric response thedhyf is often used to  signal electrons traverse this surface only once. As a result,
perform theoretical calculations in which the complexthe intensities associated with surface excitations in REELS
dielectric-response function of the particular solid must bespectra are enhanced with respect to the AES or XPS
known in detail with respect to energy and momentum transmeasuremerft?
fers. Methods based on model dielectric functions and ex- Recently, Yubero and co-workér€ proposed a model to
perimental optical constants have been developed and apeproduce K(Eq—Ey—w) with dielectric theory and a
plied to various solid§-*° Nevertheless, a method to assessweight function. They assumel (E,—E,—w) to be a
experimentally the DIIMFP is of great importance for sur- genuine single-inelastic-scattering cross section; thus, the
face analysis and also for fundamental studies of electronprobability function that the electron has undergone a single
solid interaction. inelastic scattering event was used to average over all pos-

Previously, transmission electron energy-loss spectrossible paths. HowevelK (Eq— Eq— w) is not a pure single-
copy (TEELS) was developed for determining the DIIMFP inelastic-scattering cross section due to the contribution of
and optical constanfs~'*However, a major drawback asso- surface excitations. Besides, the model of Yubero and co-
ciated with TEELS is that a transmission electron spectromworkers cannot be used to separate the surface and bulk com-
eter is necessary to provide an incident electron beam greatponents fromK(Eq— Ey— w) due to their assumption, even
than 10 keV energy for transmitting the primary electronsthough this model presents a good agreement with experi-
through the sample. Besides, the sample must be preparednmental data. Considering the difference in surface effects
the form of a thin, free-standing filifless than 2000 Athat  between REELS and AES as well as XPS, a method for
limits the types of materials that can be studied usingseparation of the contribution of the bulk and surface excita-
TEELS. tions from experimentally determind€(Eq— Eq— w) is es-

Reflection electron energy-loss spectrosédp  sential to obtain quantitative knowledge for surface electron
(REELS was used to solve experimental limitations associ-spectroscopies. Moreover, if the DIIMFP for bulk excitations
ated with TEELS. In general, primary electron energies usedks isolated over a large energy range, one may determine the
in REELS is less than 2 keV; thus, standard electron speazomplex dielectric function through a Kramers-Kroning
trometers equipped with Auger-electron sources can be usednalysist! 14
Tougaard and co-workers?® have pioneered the applica-  In this work, we used dielectric response theory to derive
tion of REELS experiments to gain knowledge about inelasthe DIIMFP for electrons obliquely passing through the solid
tic scattering cross sections(E,— Eo— w). HereEq is the  surface. It was found that the derived DIIMFP can be divided
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into a bulk and a surface term. The bulk term is the DIIMFP — 872

in an infinite medium, while the surface term is spatially ' ¥(q,0)= 75— [8w0—0q-»)+p(Qw)], (1)
. . . . q ea(qaw)

varying on both sides of the vacuum-solid surface. Since

surface effects are restricted to a surface layer on the order of — 82

several angstroms, these effects can be described by the dif- ¢ (g,w)= 5———[8(w—q-¥)—ps(Q,0)]. (2)

ferential surface excitation paramet@SEP which is the 9%ep(0, @)

integration of the surface term in the DIIMFP. Including sur- The first terms in Eqs(1) and (2) represent the charge den-
face effects into the quantitative analysis, experimentakity of the moving electron angy(Q, ) is the amplitude of
K(Eo—Eo—w) can be related to the bulk DIIMFP and the fictitious surface charge that is required to satisfy the
DSEP. With this derived relation, the bulk DIIMFP and requisite boundary conditions, respectively. The opposite
DSEP can be directly determined using the experimentadign of the second term between HEd) and Eq.(2) origi-
K(Ey—Ep— w) at two different primary electron energies nates from the requirement of continuity of the electric dis-
without any other input parameter. The bulk DIIMFP and placement. Matchings®(z=+0) and ¢(®)(z= —0) yields
DSEP determined from REELS data for Au and Cu are prethe requiredos(Q,w) as

sented and compared to the theoretical results calculated

with the model dielectric functiorrl®:2° Q v

ps(Q,w)= 7 2 (1,0)2
Il. INELASTIC ELECTRON INTERACTIONS 24(Q,0)%(Q,0) £,(q,w)—&,(T,w)
IN SOLID SURFACES £4(G,0)2(0,0) £a(Q,0)+4(Q.)’
The specular-reflection modglSRM) of Ritchie and C)

Marusak® is known to reproduce very well many properties where

of real surfaces by expressing the surface response in terms

of the bulk dielectric functiof>~*° In this model, the me- 1 Q (= da,
dium is described by a jellpm in which the surface is eap(Qw) 7 ) m
assumed to be abruptly terminated and the constitute elec-
trons of the medium incident on the surface rebound in B=0w—1-Q andﬁ2=Q2+E>2/v§. In terms ofp(Q,w) the
specular fashiof®*” Although quantum-mechanical analy- induced scalar potential is obtained form E¢.and(2) as
ses can result in a more rational condition of the behavior of

constituent electrons at surfacethe resulting expressions -1 '@ r—ob

are much less transparent than the semiclassical dielectrié’ind(r't):ﬁ f d“’f d*q T

theory and probably too cumbersome for use in surface elec-

4

tron spectroscopies. Previously, the SRM has been used to 0(-2) 06(2)

: : : : X1 ps(Q,0) - +3(w—q-v)
analyze the configuration of the specular reflecting trajectory e,(0,0) ep(g,w)
of an external incident electroi=>° In this work, we shall
restrict ourselves to the penetrating trajectory of the external « ( 0(-2) i 02 1)“ (5)
incident electron that is a typical spectroscopic experiment eq(q,0)  ep(q,0) '

involving fast electrons.

We have recently derived the spatially varying DIIMFP of
an electron penetrating into vacuum from a solid for quanti-
tative analysis of XP$1° Since the electron trajectories in a aw 1
REELS experiment include incomingN) and outgoing __Z
(OUT) trajectories, it is convenient to consider the general ds v
case of two adjacent materials separated by a planar interface o ) N
and characterized by the dielectric response functiofvhere the derivative o,y is evaluated at the position of
£4(0,») and ep(q,w). The interface will be chosen at the the electrony =w»t. From Egs.(5) and (6) we get the stop-
plane z=0 with the z axis in the perpendicular direction Ping power of the solid for the electron
from mediume 4(g,w) to mediume,(g,w). The notationv .
=|4, 4=(Q.q), »=(»,v,), andr=(R.2), whereQ, », _aw_ J d f 020! T p(Q,w)e 1572
andR represent components parallel to the interface, will be ds 2a% | ?°° Q Psiien@
adopted hereafter. Note that atomic units are used through
this work, unless otherwise specified. _6(=19 6@

In the fast-charge approximation, a fast electron which £,(Q,0,2) &p(Q,w,2)
interacts with matter can be considered as a point charge
with moving charge density given by(r,t) = — &(r — »t).?3 vl ®(~_ z) " ®£Z) _ 1“

For an fast electron passing through the interfacé=a® 0+ (1,Q)% |£4(Q,0)  £4(0,0) ’
from medium e,(q,w) to medium g,(q,w), the Fourier )
components of the scalar electric potential can be expressed

by where

where® (z) is the Heaviside step function.
The stopping power is given By

I Pind(r 1)

ot ’ ©

r=ut

X
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1 Q[ dq,e'97 gap(—0,— ®)=g3,(0,w). The energy and momentum con-
ap(2Q,0) 7 )« QPap(q ) (8 servation can be included by limiting the range of integration

overQ as follows:
The evaluation of the first term in the curly bracket of Eg).

depends on sgn as this determines whether theintegra- o <( @\?2

2 2
tion must be performed by closing through the upggr or —| tQ°=a3, (12

Vz
lower (L) half-plane(HP). For z<0, i.e., the electron inside

the mediume (g, ») and approaching the interface, we mustWhereq. = V2E= \2(E-w). )

close the integration contour through the UHP. On the other FOr an electron of energl=»“/2 to loss energy, the
hand, forz>0, i.e., the electron inside the mediumg(q,»)  SPatially varying DIMFP u(E—E—w,«,2), can be related

and moving away from the surface, the integration contouf©® Stopping power as follows:

must be closed through the LHP. This integration contour dwW (=
involves the poles opy(Q,w) and 1&,,(Q,w,z), which __:f ou(E—-E-w,a,2)do, (13
approach the real axis from below and give the surface and ds 0

bulk excitation modes of the solid, respectively. For simplic-

N . ) where« is the angle between the electron velocity and posi-
ity it is convenient to use the identity

tive z axis. The definition ofx will be used hereafter.
B2, ~ _ oz, The vacuum-solid system is the typical case in REELS
€ 2 cogwzlvy) —e ' ©) experiment. From Eqs(10)—(13), after some algebra, the
The integration containing the complex exponential on theDIIMFP for vacuum-solid surface can be split into a bulk
right-hand side of Eq.9) can be then performed again and a surface term,

through the UHP. Therefore E(7) can be written as
M(E—=E—-w,a,z)

dw 1 (= ) o|v,|
_EZE JO da)j d Qm =ug(E—E-w)+ugE—E-w,a,z) (14
where
0(-2 0(2)
XImi I1(v,z2,Q,w) — sa(ﬁ,w)+eb(ﬁ,w) ], ug(E—E— o)

(10 _ 1 _ 02
where S mty Q 0+ (v,Q)° M @)
II(v,z,Q,w) (19

and
[e940(-2) (2cogBz/v,)—e UO(2)
£2(2.Q.0) en(z.Q.0) #o(E-E~w.a2)
a(Qu0)Ep(Qu) £4(F,0)—£4(G,0) _ L (o " iz0.0],
ea@@)ep(@0) sa(Q)ten Qo) ?_vf 57+ (1Q)° nate
corresponds to the spatially varying surface energy-loss (16)
function. In this derivation we have used the propertywhere
|
2 wzlv.)—e Q2 _
Hs(v,Z.Q.w):e_Qm[(”)(_V'i) e 90 (z)- . Cowii,c;m o
_ e (-2)]|[2(Q.0) &(G.w) -1
3. B2lv)—e O (2)— il
+0(v-2)|[2 cognz/v,)—e 20 (2) 52.0.0) ] c@.0) 20w+ a7

Here the solids(g,w) contained in the regiom<0 andzis  On the other hand, the surface term is not confined to the

the unit vector of positivez axis. The bulk term which is interior of the solid, but also takes place, while the electron is

independent of the position and emission angle gives rise tat some distance outside the surface. Note that the first term

the well-known expression of the DIIMFP of electrons mov- inside the curly bracket of Eq17) corresponds to the elec-

ing in an infinite mediunt. The inelastic mean free path tron moving in the negative direction, i.e., an IN trajectory

(IMFP) for bulk excitations is then given by (w/2< a<7), whereas the second term corresponds to the
_ electron moving in the positive direction, i.e., an OUT

E .
No(E)= f dopg(E~E-w)| . (1g raectory (Oca=mi2). |
0 Since there is the 7 term in I (»,z,Q,w), surface
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effects have a rather limited extent about the surfd€ahe 2.0 . . . 1
effective region extends into the solid to a depth abdut,,, = (a) E=500 eV
where o, is the plasmon en(arg]ﬁ.Sincewp lies in the in- T
terval 20—35 eV, the depth is roughly around 3-6 Aforal o
keV electron. Accordingly, the reflected electrons in REELS in:‘
experiment nearly penetrate this effective region in both IN <
and OUT trajectories. Therefore, surface effects can be prac- =
tically characterized by the DSEP that is calculated via inte-  $
gration of Eq.(16), i.e., Lf"r
=
= dz =
P E—E—w,a)= f_w cosa us(E—E—w,a,z).
(19
0 20 40 60 80 100
Even though the interval of the integration in E39) is o (eV)
infinite, the effective contribution is restricted to a limited
region extending on both sides of the vacuum-solid surface. 16 ' ' ' '
The surface excitation paramet&EP for an electron pen- - (b)
etrating a vacuum-solid surface is then give"ly > Au
_ m'g 12 .
PS(E,a)=f PyE—E—w,a)dw. (20) §
0 I sl )
The SEP is the probability for a single loss event. The prob- uTJ
ability of n successive surface plasmons excited by an elec- ™~
tron traversing the effective region should obey the Poisson 5 4 H 1
stochastic process: :m
1 0 1 1 | |
Pr=r7 [Ps(E,@)]" exd —Ps(E,a)]. (21 0 20 40 60 80 100
o (eV)
Using the free-electron-gas dielectric function and carry-
ing out the integration in Eq(20), we can get FIG. 1. (8) ug(E—E— w) in Au for electrons at different ener-
gies.(b) A\g(E) ug(E— E— w) calculated at the same primary elec-
1 tron energies as ifa).

au
Ps(E,a)= —— . (22

4\/ﬁ cosa spectively, the oscillator strength, damping coefficient, and
It shows thatP(E,a) is proportional to (cos) 1. Equation ~ €xcitation energy, all associated with theh oscillator. The
(22) indicates that the influence of surface excitations onapproximation adopted in Eq23) for the g-dependence
surface electron spectroscopies might be quite significant fonorks correctly at both extremes of momentum transfer, i.e.,
low-energy electrons at large escape angles. This angul&t the optical limit,q— 0, and for the Bethe ridge regiog,
dependence has been verified experimentally for lagge —.>* Although density-function theof§**and experimen-
value (~85°).%8 Besides, Eq(22) reveals thatP(E,a) is  tal measurements show that the surface plasmon dispersion
proportional to 1{/E. This energy dependence is the same ads negative at smald, the exact dependence of the dielectric
the case of electrons transmitted through thin films reportedunction on momentum transfer is seldom known. Equation
by Ritchie? (12) reveals that the range of integration ow@ris rather

If the dielectric functione(q,») of the solid is known, large for electron energies larger than a few hundred eV. Due
Egs.(15) and(19) can be used to calculate the bulk DIIMFP t0 a large range of integration ov€}, the universal Bethe
and DSEP. The model dielectric function developed in presurface dominates the scattering cross section. In other
vious work is used to investigate the substantial properties o¥ords, a slight negative dispersion should not have a strong
the bulk DIIMFP and DSEP. Here we present a brief Synop_effect on the final calculations of the DIIMFP and |Mﬁ’®
sis for the purpose of completeness. The sum-rule conlhe parameters in Eq23) have been obtained in previous
strained model dielectric function which combines the opti-works™***°by a fit of Eq.(23) to optical data for a number of
cal oscillator strength modelingzero momentum transfer solids and verified by checking the constraints of sum rules.
and an a|gorithm for its extension to th@O region is used, With the model dielectric fUnCtion, we have calculated the
i.e. 52539 bulk DIIMFP and DSEP. Figure(d showsug(E—E— w)

evaluated from Eq(15) for electrons with various energies
A, in Au. Although the bulk DIIMFP in general decreases with
S(Q!w)zsb_E 0= (0192 %+ w0y’ (23 increasing the electron energy, the structures and peak posi-
. ! ! tions of the bulk DIIMFP are not sensitive to variationHn
where g}, is the background dielectric constant due to theTherefore, one might expect the energy-loss dependence of
effect of polarizable ion cores andl,, y;, andw; are, re-  the productg(E) ug(E—E— ) is nearly the same for dif-
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FIG. 2. A plot of the DSEP in Au for electrons at different FIG. 3. A plot of the SEP as a function of the electron energies
energies. in Au. The solid and dashed curves are, respectively, results calcu-
lated with the sum-rule constraint model dielectric function and
ferent electron energies due to the fact that the equalityf€e-electron-gas model.
J5dong(E)ug(E—E—w)=1 holds according to Eq. _ L
(18).42 Figure 1b) shows that this is indeed the case. Basedfnown in detail with (espeqt to the energy tra}nsfer. However,
on this property, the produdts(E)ug(E—E—w) can be literature data for dielectric-response functions are usually

practically expressed as not qvailable. Therefore it is of high interest to be able to
obtain the DIIMFP and DSEP experimentally. It can be seen
Mg(E)ug(E—E— w)zlug(w), (24) later that Eqs(24) and(25) play a practical role in determin-

0 o ing such cross sections from REELS data.
where ug(w) is independent oE and represents a normal-

ized probability density function for bulk excitation. The
probability density functiomg(w) is one of the fundamental
ingredients in Monte Carlo simulatiod®:*® For conve-
nience, we callu3(w) the “reduced DIIMFP" hereafter. Solution of the space-energy-angular-transport problem
Figure 2 depicts the energy loss dependence of the DSE§aNnot be obtained analytically because of the complicated
for normal incident electrons with various energies in Au.angular and energy dependence of the cross sections. How-
This DSEP includes the total surface effects for a electror@Vver, the energy loss in an elastic scattering is always at least
penetrating through the effective region of surface excitaiwo orders of magnitude smaller than the average loss in an
tions, which is about 3—6 A for a 1-keV electron. It is seeninelastic event. On the other hand, the characteristic length
that surface excitations contribute largely at small energyor deflection in an inelastic scattering is usually about two
losses as compared to bulk excitations. Similar to the proporders of magnitude larger than the corresponding quantity
erty of ug(E—E— ), the structures and peak positions of for elastic collision. Therefore, it is reasonable to assume that
Ps(E—E—w,a) are also insensitive to variation B The  only elastic interactions contribute to the angular deflection
calculated results show that the amplitude R&E—E and only inelastic interactions contribute to the energy loss.
— w,a) is approximately proportional to {E, as it may be Within this approximation the energy and angular distribu-
appreciated in Fig. 3. This tendency coincides with the pretion of reflected electrond(Eq,Qq;E,Q)dEQ with ini-
diction of the free-electron-gas model derived in E29). In tial incident energyE, and directionQ, is given by”*®
other words, the distribution o EPs(E—~E—w,a) is al-
most independent oE. This characteristic enables us to
separateE dependence frorRg(E—E— w,«) and to write

Ill. DERIVATION OF DIIMFP AND DSEP
FROM REELS SPECTRA

J(Eo,f_zo;E@:f dRQE,,Q0,x=0;R,Q)

1 X G(Ey,Q,R;E,Q), (26)
PsE—E—w,0)=—=PYw,a). (25) _ _
JE where G(Ey,Q¢,R; E,Q) is the energy distribution of an

Hereafter we caIPg(w,a) the “reduced DSEP.” electron with initial energ)Eo and Qirectior()_o_after hgvi.ng

Detailed knowledge of the bulk DIIMFP and DSEP is traveled the path lengtR in the solid;Q(Eo,{o,XR, Q) is
important for quantitative analysis by surface electronth® angular and path length distribution of an electron with a
spectroscopies?>*® Equations(15) and (19) can be em- initial energyEg and direction(), to pass a plane at depth
ployed to calculate inelastic scattering cross sections wheim a direction (),d?Q) after having traveled the path length
the dielectric-response function of the particular solid isR in the solid.
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Based on théP?1 approximation to the Boltzmann trans-
port equation, the path length distribution for electrons mea-
sured in a REELS experiment is approximately giveA°by

Gs(Eo,a;E)

=e” Ps<Eo’“>[ 8(Eq—E)+Pg(Eq—E,a)

Q(E01QO!XZO;Rlﬂ):A(901Q)e7R/L1 (27)
whereA(Qy,() is the angular distribution and the charac-
teristic attenuation length>\g. Recently, it was pointed
by Pasit and ChakarovA that, for certain elements and en-
ergies, the path length distribution is not monotonic. How-
ever, using Monte Carlo simulation on the basis of quasielasyhere the first, second, third, etc. terms in the bracket repre-
tic model we found that Eq(27) can be roughly used to sent, respectively, energy-loss flux due to a zero surface plas-
describe the path length distribution in most cases of REEL$non, a surface plasmon, and two surface plasmons, etc. This
experiments. Nevertheless, the more accurate characterisépression indicates th&@g(Ey,a;E) in Eq. (31) includes
attenuation length must be obtained by resorting to theyerall multiple loss events contributed by surface effects.
Monte Carlo simulatio® With Eq. (27) the energy spec- With the convolution approach, we can incorporate sur-
trum is then given by face effects into the Landau formula and obtain the total-
energy-loss distribution

1
+ o [ PE B

XP(E'—E,a)dE +- -, (33)

J(Eo,ﬁo;Eﬁ):A(ﬁo,E)f e R'G(Eo, 0, RiE,Q)dR

Eo (Eo
G(Eg,,,R;E, zf f Gs(Eg,a;;E’
(28) (Eo, aR) e Jer s(Eo,a;E")

X G (E',R;E")G(E",ar;E)dE'dE”,
(34

wherea, and ag are the angle between the electron velocity
and positivez axis for the incident and the reflected elec-
trons. The product term on the right-hand side of E)
implies that an electron of initial enerdsg losses the energy
Eo—E’ due to surface effects of the incident process, losses
the energye’ —E" due to bulk effects of the transport in the
solid, and loss the enerdy’ — E due to surface effects of the
reflected process.

From the convolution theorem of Fourier transform and
Egs.(29) and(31), G(Ey,a, ,R;E,ag) can be written as

Under the condition of neglecting surface effects, the en-
ergy loss distribution is often given by Landau’s formeta:

G.(Eg,RE)= % Jlds exdiso—R3(Eg;s)],
(29

with

2 (Eg;9)= J:dw,uB(EOHEO—w)[l—exq—iSw)]

1 1 (=
= Na(Eg) He(Eois) (30 G(Eo,a,,R;E,aR)zﬁf_ocdsexp[iSw—RE(Eo;s)

where w=Ey—E. ug(Eq;s) is the Fourier transform of

ue(Eqg— Eg— w) with respect tow. (35)
The energy-loss distribution contributed by surface exci-

tations can be in terms of the DSEP. Note that the DSEP i&Jsing Egs.(30) and(32) and expandings(Eg, «, ,R;E, aR)

the probability for a single loss event. For the total surfacein Eq. (35), we can find

loss spectrum, we therefore have to sum over all multiple
loss events using?~>* G(Eq,a,,RE,aR)

=exp{—[R/\g(Eo) + Ps(Eg, ) + Ps(Eq,ar) ]}

—E(Eg,@;8)—E(Ep,aR;9)].

o

GS(EO,a;E)zf dsexdiso—E(Eq,a;s)],

0

(31

X1 6(Eq—E)+Rug(Eq—E)+[Pg(Eq—E, )

and
+Pg(Eq—E,ar) ]+ f Rug(Eq—E")

EE,;ZWdPE Eg—w,a)[1— —i
(Eg,@;S) fo wP(Eqg—Ep—w,a)[ exp(—isw)] X[P(Eg—E’, ;) + Po(Ey—E’, ag) ]dE’

R2

= Ps(Eq,a)— Py(E,a;9), (32 +ZfMB(EO_’E,)MB(E,_’E)dE,+"' (36

WhereES(Eo;a;s) is the Fourier transform oPg(Eq—E,g
— w,a) with respect taw. Expanding the factdGg(Eg, «; E)
in Eqg. (31), we can find

where the first, second, third, etc. terms in the curly bracket
represent, respectively, energy-loss flux due to zero plasmon,
a bulk-plasmon, a surface plasmon, a bulk plasmon and a



PRB 58

surface plasmon, and two bulk plasmons, etc. This expres-

sion indicates thaG(Ey, a,,R;E,ag) in Eq. (36) includes
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(Eq) = JOEOK(EO—>EO—w)dw. (43)

over all multiple loss events contributed by bulk and surface

excitations.
Substituting Eq.(35) into Eq. (28) and carrying out the
integration ovemR, we obtain

LAg(Eo)

_BY=0) 0. 0)e—Ps(Eg.a).aR)
LFhg(Ey (Lofd)e

J(Ey, Q0 E, Q)=

» ds ]
X f_oc > exdi(Eq—E)s]

exd Ps(Eg, o ,ar:S)]
LAg(Ep) ’

_mlLB(EO;S)

(37

where

Ps(Eq,a1,ar)=Ps(Eg,a)) + Ps(Eg, aR), (39

and

Ps(Eo, @ ,ar;S)=Ps(Eg,a ;5)+ Pg(Eg,ag;s).
(39)

From Eqgs.(41) and(42) the relationship between the experi-
mentalK(Eq— Eg— w) and the bulk DIIMFP and DSEP is
given by
LA(Eo)
" L+ (Ep)

LAg(Eo) -

- L+Ag(Eg) M8

K(Eq:s)= (Eo;8)

x exf — Ps(Eg,a1,ar;s)].
(44

The angular dependence B§(Ey— Ey— w,a) results in the
fact that the experimentally obtained(E,—E;— w) de-
pends on both the angle of incidence and exist angle of the
electrons. Takind®’s(Eqg— Ep— w,a) =0, i.e., neglecting the
surface effects, we can get=Ag and K(E;—Ej— )
= ug(Eg—Eg— w). This is reason whK(Eq— Eqy— w) de-
termined from REELS spectra is often treated as a single
scattering cross section.

In generalL> \,?~%therefore Eq(44) can be simplified
as

1-N(Ep)K(Eg;s)=[1-Np(Eq)us(Eg;S)]
Xexq—ES(Eo,al,aR;S)]. (45)

Usually, only relative intensity measurements will be per-Equation (45) indicates that the cross sectio{(Eo)K(Eq
formed. Hence, introducing the relative electron flux density— Eo— w) obtained from REELS data cannot expressed as a

distribution
. - - L)\B(EO) _— — -1
Ey,Q0:E,Q)=| ————— 1(Qy,Q)e Ps(Eo..2r)
J(Eo.Qq ) L+ hg(Eg) (20,Q)
X J(Eo.0;E.Q), (40)
we can write Eq(39) in the general form
. * ds )
J(EO!aI;E.aR):J_ ZeXF[NEO_E)S]
exf P Eg,a,,aRr;S
A Ps(Eo,a;,ar;s)] 41)

LAg(Eo)

—TB(EO)MB(EO;S)

linear combination of pure bulk and pure surface compo-
nents. Introducing Eq€24) and (25) into Eqg. (45), we can
obtain

1-N(Eo)K(Eg;9)=[1—u3(s)]

xexd — Py ay,ar;s)/VEol,
(46)
with

PY a1, ar;5)=PY a1;5)+ PY ag:s)

(47)

where ,u,g(s) and Pg(a;s) are, respectively, the Fourier
transform of u3(w) and PY(w,a) with respect tow.

To directly determine the bulk DIIMFP and DSEP from
REELS data, we use the experimenidlE,)K(E,;s) ob-
tained at two different primary electron energiég,=E;

It is noted that the dependence of the electron-energy distrand E,=E,. From Eq.(46) we can write the pair equation
bution on the incident and reflected angles is consequent on

surface effects.

The algorithm developed by Tougaard

inelastic-electron-scattering cross sectidféE,— Eqy— w)
from REELS spectra is based on the following formula:

o [* ds  exdi(Eo—E)s]
](EO’E)_J’fw 20 L)\(EO) _ ’
1= ———K(Ep:9)
L+ (Ep)

(42

whereR(Eo;s) is the Fourier transform dk(Ey—Ey— )
with respect tow, and\ (E) is defined as

and
Chorkendorff! in determining experimental differential

1-N(EDK(Ey;8)=[1-ud(s)]
x exd —PY(a1,ar;:s)/VE,]
(48)
and
1-NEp)K(Ez;9)=[1- ud(s)]
x exp — PY a1, ar;8)/VE;].
(49)

Taking the logarithm of both sides of Eqgl8) and (49),
after some algebra, we can obtain
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= VELE; 1-ME)K(Ez;s)
0 o) —
N e F R VRTINS | %0
and
0(5)= 1 expl Vo2 ML MEDK(E1:9)]~ VB, In[1-M(Eo)K(Epi9)] 51
" Vo~ VE; |

Therefore, Egqs(50) and (51) can be used to determine the  The bulk DIIMFP is directly related to the complex di-
bulk DIIMFP and DSEP by means of the fast Fourier trans-electric function of the specimen, as given in Etf). Since
form (FFT) algorithm, provide that\(E;)K(E;;s) and derivation of the bulk DIIMFP from experimental REELS
N(E,)K(E,;s) are given. data has been achieved, it is suggested that the obtained re-
To avoid significant errors introduced by the approxima-SU“S be applied to d'etermine the dielect.ric function and thys
tions in Eqs.(24) and(25), the appropriate ranges f&; and  t0 determine the optical properties of solids. Although a typi-
E, are around 0.4-1.5 and 2—10 keV, respectively. If botifal Energy-loss spectrum cannot have energy resolution as
E, andE, are higher than 3 keV, the surface effects may begood as that achievable using light-optical spectroscopy, its
too small to be used in Eq&0) and(51). On the other hand, energy range can be much greater; energy losses equivalent

the first Born approximation presented here needs to b the v_|5|ble, ultraviolet, ?‘”d soft x-ray region may be re-
modified as the electron energy lower than 0.3 keV. corded in the same experiment. Therefore, we hope that the

present theoretical model can be used to extract the more
quantitative information from REELS experiments in the fu-

ture.
IV. RESULTS AND DISCUSSION

For illustrating the utility of the present model, the experi-
mental N\ (Eg)K(Eq—Ep— w) obtained by Tougaard and
Kraaef® was used to derive the bulk DIIMFP and DSEP. We
choseE;=1 andE,=2 keV because of the existence of ex-
perimental data and the fact that most electron spectrometers
in surface analysis equipment only operate up~® keV.
Figures 4a) and 4b) show the experimental (Ey)K(Eq
—Ey—w) at 1 and 2 keV, respectively. Employing the Fou-
rier transform of these experimental data into E&€) and
(51) and then taking the inverse Fourier transfornuﬁf(s)
and PY(a;,ag;s), the bulk DIIMFP and DSEP can be de-
rived. Note that the only input in the present determination of
the bulk DIIMFP and DSEP is the experimentally obtained
M(Eg)K(Eq—Eg— w) at two different primary electron en-
ergies. Thus, no adjustable parameters have been applied.
The derivedu$(w) is shown in Fig. 4c). For comparison,
the theoretical results computed with the model dielectric
function of Eq.(23), using dielectric function parameters
found by Tougaard and Kraaer in Ref. 23, is also shown in
the same figure. Here we just plotted the theoretical result for
electrons of 1 keV because the reduced DIIMFP is almost
independent of the electron kinetic energy, as shown in Fig.
1(b). The good agreement obtained between the values de-
rived from experimental data and the theoretical calculations
confirms our quantitative analysis for REELS spectra and
validates our theoretical model for inelastic interactions near
surfaces. On the other hand, the derived DSEP is shown in
Fig. 5. The theoretical results calculated with E(¢<) and 0 20 40 60 80 100
(23) are also shown for comparison. It can be seen that both o (V)
the morphology and numerical values of the curves compare
favorably. With the same algorithm, the reduced DIIMFP for  FIG. 4. (a) and (b) the experimentak (Eo)K(Eq— Eo— o) in
Cu was also derived and shown in Fig. 6. Here again, thew at 1 and 2 keV(Ref. 23. (c) Solid line: the bulk DIIMFP
results derived from the REELS data agree closely with theletermined from(a) and(b) with Eq. (51); dashed line: the theoret-
theoretical results. ical results computed with the model dielectric function of E2§).

ME) K(E—~E-0) (107 eV

ME) K(E—E-o) (107 eV')

ME) uy(E—E-0) (107 eV
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FIG. 5. Solid line, the DSEP determined from Figga)4and FIG. 6. Solid line, the bulk DIIMFP in Cu determined from
4(b) with Eq. (50); dashed line, the theoretical results computedexperimentah (Eq)K (Eq— Eq— w) at 1 and 2 keM(Ref. 23 with

with the model dielectric function of E423), using dielectric func- Eq. (51); dashed line, the theoretical results computed with the
tion parameters found by Tougaard and Kraaer in Ref. 23. model dielectric function of E¢(23).

V. CONCLUSIONS
DIIMFP and DSEP from REELS data has been proposed.

The inelastic scattering cross section of electrons withThe only input is the experiment®(Ey—E,— ) at two
solid surfaces has been derived with the approach of dieledifferent primary electron energies. With the proposed
tric response theory. It is shown that the inelastic scatteringnethod and FFT algorithm, the bulk DIIMFP and DSEP
cross section includes the bulk DIIMFP and DSEP. The rehave been determined from experimenkalE,— Ey— )
lation between the experimentaK(Eq—Ey—w) from  for Au and Cu. Without any adjustable parameters, excellent
REELS data and the bulk DIIMFP and DSEP has been obagreement was found between the determined results and
tained through including surface effects into the Landau fortheoretical results calculated with the sum-rule constraint
mula. Based on this relation, a method to derive the bulknodel dielectric functior:*%2°
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