PHYSICAL REVIEW B VOLUME 56, NUMBER 3 15 JULY 1997-I

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 tudlefighys.
Rev. B53, 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 fe@dl63-182007)01127-2

I. INTRODUCTION tal inelastic cross sectiohsleconvoluted from experimental
REELS spectra. The quantitative agreement regarding the
Surface electron spectroscopies such as X¥R@y pho- dependence on incidence and exit angle as well as on initial
toelectron spectroscopy AES (Auger electron spectros- €nergy was good and all the main loss features of the experi-
copy), and REELS(reflection-electron energy-loss spectros- ment were reproduced. _ o
copy are highly influenced by inelastic-scattering events 1he purpose of the present paper is to take a similar ap-
experienced by electrons. Thus, for the purpose of quantifiroach to the case of XPS. The system was previously stud-

cation a thorough understanding of the energy loss is impori€d Py Gervasoni and Aristawho determined the energy-
tant. loss rate, but not the energy-loss distribution, i.e., the cross

The usual quantity employed to describe the energy IOSgection. Seymouet al® modeled the plasmon loss intensity

is the inelastic cross section, which gives the probability den!’ photoemission on the basis of a hydrodynamical equation.

sity per unit path length of losing the enerdw. It can be However, the model produced spurious structures in the
y P P 9 9 "gw. 1t . losses that was not reproduced experimentally. Recently
expressed in terms of the complex dielectric function

: ) -~ 'Chen and Chen proposed a model that incorporates both sur-
€(k,w) of the particular medium, and for electrons traveling t4ce and bulk losses into the Landau formula for the energy

in an infinite medium it is given by’ distribution® This procedure however, has three main weak-
nesses: First, they integrate the surface loss function over all

K(Eg,hw)= 1 j“ ﬂ‘ Im 1 } (1) depths;_ i.e., they assume that the con_tribution from surface
’ Eqmag Jk_ K e(k,w)|’ losses is the same for an electron excited at the surface and

one excited deep in the bulk. Second, they incorporate this
where the following quantities are introducdsy; is the ini-  path-integrated surface loss function directly into the Landau
tial energy of the electrorg, is the Bohr radius, anll is the  formula. This implies that they allow for multiple surface
wave vector transferred from the electronk. losses to infinite order. Third, they ignore the effect of the
=(2m/hA) Y EY?+ (Eq—hw)Y?] are the limits on thek  core hole on the energy loss of the photoelectron. The first

vector imposed by energy and momentum conservation dufWo procedures are not properly justified and the last ap-
ing the inelastic scattering. This model, however, does noProximation is shown in the present work not to hold.
reproduce the surface loss features observed in REELS and Ve treat the general case of photoelectron creation at ar-
XPS. Attempts have been made to model the inelastic croddtrary depth and with arbitrary exit angle of the electron.
section as a linear combination of [lie] and Inj1/(1 he procedure is based on the ‘“specular reflection

» 7,10 H H
+€)].2 Although a reasonable fit to experiment can be madeM°del,” *~ which allows one to solve the electrodynamic

the values of the fitting parameters seem unphysical and irproblem W't_h the proper boundary co_ndltlon_s. The result_ls
consistent. expressed in terms of the effective inelastic cross section

A more realistic model for REELS has been developed tdg_iving the energy-loss distribution for the total photoemis-

describe the electron energy loss for normal incidence ang'©" PrOCess.
exit geometry’ It treats the total transport process for an

electron elastically backscattered a certain depth below the

surface. The model was recently extended to include general We consider the following situation as a model of the
incidence and exit angl2sind was compared to experimen- experimental XPS process, Figal: a semi-infinite medium

Il. THEORY
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nent®;,4(w) of the induced potential, whei®;.q is created

by the hole and the electron itself. Now the primary objective
is to find ®(k,w) in the two half spacegmedium and
vacuum of the system, i.e., to solve Poisson’s equation. To
(a) this purpose, the ‘“specular reflection model” has proven
useful in the case of REEL&Refs. 4 and band XPS(Ref.

7). The medium and the vacuum are treated separately in two
infinite pseudomediaM [Fig. 1(b)] andV [Fig. 1(c)]. The
relevant charges are the electron, the core holepy,, their

True system

ek ! cko) e=1 " e=1 imagespe: , pn:, and fictitious surface charges”, ¢V in-
: . troduced to satisfy the boundary conditions. The charge den-
: y sities are expressed as
© ‘: e i
o 0y .
EnE : " pe(r)=—es(r—a—m), t>0,
Medium c;M Vacuum ;v Vacuum
. per(r,t)y=—ed(r+a—»'t), t>0,
Pseudomedium (r, <0) Pseudovacuum (r, >0)
(b) (©) pn(r,t)=es(r—a), t>0,
FIG. 1. Geometry of the hole and electron in the true experi-
mental XPS systen{a). The equivalent pseudomediuf) and pn(r,t)=ed(r+a), t>0,

pseudovacuunic) that has been used in the calculationkq; .

with dielectric function e(k,») occupying the half space Pe(r 1) =per(r,t)=pu(r,t) =pn(r,t)=0, t<0, (3
r, <0, and a vacuum region witk=1 occupyingr , >0. At
time t=0 an electron-hole pair is created at depttelow
the surface. The electron moves in a straight line with veloc
ity v=(v, ,v,), energyEy,=3muv?, and angled to the sur-
face normal, while the core hole is stationary. At time

wherev=(v, ,v;), V'=(-v, ,v)), a=(—a,0). Poisson’s
equation in Fourier space for each of the two infinite pseudo-
media is

=alv, the electron crosses the surface and leaves the solid. OM(K, )= u M kow)+ oM (Kow)

We assume constant velocity of the electron. This approxi- (ko KZe(K, w) [pee (ki) + ppp (K,
mation is only valid when the energy loés is negligible "

compared tcE,. The electron-hole pair creates an induced +o(kj,®)], (4)

charge density in the medium during photoexcitation and

electron transport. The origin of the electron energy loss is Ar

that the electric field induced in the medium acts on the <I>V(k,w)=F [p\e/e,(k,w)'i'O'V(kH,w)]. (5)
electron as it moves. In accordance with previous

c_onsideration‘_k5 it is possible to_ express an eff_ective inelas- The Fourier-transformed charge densitiqs'v' (K, w),
tic cross sectioK .+(Ep,iw,a,6) in terms of the induced po- v ) L Se

tential. This is defined as the average probability that arhi(K:@) @ndpeg (k, ) are evaluated in the time intervals
electron shall lose energyw per unit energy loss and unit Wherg the electron travels in the medium and vacuum, re-
path length while traveling in the specified geometry. TheSPectively:

average is over the path length traveled in the solid

=al/cos@). Clearly, this has to be integrated over path " tg 5 Certiat
lengths to be compared with experimental XSy is given Pee (K, 0)= fo dtf d°rlpe(r,t) +pe(r,t)]e “,
by
2 ® M, K, :fwdtf d3r Ft)+ pr (1t e—ik.rﬂwt’
Keﬁ(Eo,ﬁw,X): (277)4Xh - J‘imdtf d3r Pe(r,t) Phn ( w) 0 [ph( ) Ph ( )]
; 3 ik-r—iot o .
XR%IJ’ d’k k- v®y(k,w)e™ ™! }7 p,\eler(r,t):f dtf B[ pe(r,t)+ per(r,t)]e kT Hiot
tS
2 (6)

where p(r,t) is the charge density of the electron andApplication of the electromagnetic boundary conditions
®,q(k, ») is the induced potential, determined from the total®¥(r, =07)=®M(r,=0") and 9®"/ar,(r,=0")
potential by the relation &, 4(k,0)=®(k,w) =ed®M/gr (r, =0") to Egs.(4) and(5) will determine the
—®(k,w)|.~;.” Equation(2) describes the probability for fictitious surface charges™(k,,») andaV(k;,). The re-
the electron to interact with the particular frequency compo-sult is oV (k;,w) = — o™ (k;,w) = o(k, ,®), where
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2w owm 2¢ ki (= po(K,w)
U(kH ,(D): 1+E (Fee/+th!)_ 1+€ Fee! (7) hh,(kH w) H J‘ T(hszz ko_
- K TK
i
=e| mé(w)+ —|e ki3 9
andFee,, f"]"h,, FZe, are defined as (W (@) w ©
\% . i
Ki [* Pee(K ,®) —ie [ €'
Feo(ki0)= 5 f e dki=—— (ﬁ
ke " (ko) —w KTk vy oTIK
ee’(klliw)_ ! f ekeszz q (10
—® L Il and QO:((H—kHU”)/Ul
ie [el®a_g ka Equation(7) implies that the dielectric function satisfies
= —) (8)  the constrainte(k,w)=e(k;,»). The validity of this ap-
vy | Qo—iky proximation was discussed prewouglylow the induced po-
tential is found from the total potential as
4|1 M M (e—1)(e+2) (1—e)
q)i'\r{:d(kaw):F|:(;_1)(pee/(kyw)+phhl(kyw))+w(Fee/ hh’)+( 6) Fee’ y (11)
477 (1—e€)
O (K, 0)= (Fee,+th,+Fee,) (12

K (1+e)

Substitution of Eqs(8)—(12) into Eq.(2) gives the effective inelastic cross sectidgg(Eqy.%iw,a,6). Integration in space and

time is straightforward, remembering th@f,’]'d(k,w) must be used for €t<tg andd)i\{,d(k,w) for t>tg. Analytical integra-

tion in k space is not possible with the proper limits from momentum and energy conservation. However, with cylindrical
coordinates ¢*k =27k dk,dk, ) and the approximation of extending the limitskof to —eo <k, << it is possible to perform

thek, integration analytically. As previously notethis approximation is not expected to give large errors. With extensive use
of Cauchy'’s residue theorem and substitution of the expressmrﬁg’ior th, andFee, , Kegi is finally found as a sum of four

teI’mS Keﬁ(Eo,hﬂ) a, 0) KM1+ KM2+ KM3+ Kv, where

cosé (l/e—1) 2(a—iQpa—ka_
KM]_:FOEL k”dk” Qz+k2 + (QO+Ik) (e 0 1 1)

- (1/e—1)
ZWELaOXwL f kidky (Q2+K3)?

+ —i+? (Qo—ik|)2(emoa‘ka—1)+(i—:—')(e‘moa—e‘ka)(e‘“Oa—e‘ka)(Q§+k2) } (13)
1 1
Kup=————— Rel | md(w, )+ — fkdk e 1) 14 20} ik ) (1— e 190
M2 ZWELaoxwL L w, II Il QZ kf v, 0 II
n _H_VV_J (Qo_ik”)(e—ZKa_e—ka—iﬂoa)]}’ (14
i+VH/VL)(QO_ik“)(eik”a_eiiﬂoa) (E_ 1)(E+2) iQna —kia QO+IkH
Kua= ZWELaOXwL e“kdk Q2+ K2 dern | © T e
_ (G_l) Qo_ik” .
— _ kja iQpa
I(Wa(wl)erL e N +(e+1) Q§+kf g'tody | (15
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‘o . fkdk (1—€) (1—iv /v )(Qo+ik)e %2 [ 2ik e P?—(Qy+ik e k2
V7T 27E, agkw, R (1+€) Q5+k? Q5+K?
i
—i(ﬂ'é(wl)-i—w—L e—klaH, (16)

and E; = 3mv? and w, =wlv, . Of the four terms above, tenuation of the intrinsic part 46, ¥ and attenuation of
Km1, Kmz, andKys correspond to losses inside the me-the extrinsic part a¥ . xe ¥/ as expected. It is important
dium, while Ky, describes losses outside. The limits of theto notice, however, that in XPS the inelastic cross section
integrals in EqQs.(13)—(16) are found by settinq@:kf calculated according to E¢18) describes only the first in-

+Q2 and solving fork,. The result is elastic scattering event. It cannot serve to model the full
spectrum(by repeated convolutigrsince it contains the in-
wy, [V2 , o? 12 trinsic part of the energy loss, which is inseparable from the
Kie=—z+|2 (kt_ 7) (A7) rest.

From the derivations in Ref. 13 we can determine the
In the limit of a—, K4 reduces to the first term of Eq. model spectrum corresponding to one inelastic scattering
(13). This is equal to the limit obtained with the effective event:

cross section for REEL$Ref. 5 when ;= 6,=6. For 6

=0 this limit equals the inelastic cross section for electrons J(E)=cog 6)
in an infinite medium, i.e., Eq1). However, this is not the

case for larger angles. This shortcoming might be due to the
approximation of thek, integration limits. Despite the fact

that the problem was also found in REEEShis model ) ) L )
showed good agreement with experiment. The correctness ¥fnereF (E) is the primary excitation spectrum modeled with
the model can be tested when comparing the XPS cross seg--orentzian. The inelastic mean free paths taken from
tion with modelA+ in Ref. 4. For this purpose we must set 1€ literaturé” and is assumed independentaof

0=0 and remove the core hole from the new model. Remov-

ing the core hole is simple since all terms related to it contain lll. RESULTS

the factor[ mé(w,) +i/w,]. When this is carried out, we
obtain an exact match between the new model and the Ol\c)a
modeIA+' for all 'values QfEO anda. That is, the new model o6 ctric functione(k,w) we use the simple result for alumi-
for XPS IS consistent with the previous m_odel for_ REELS. Eq. (20), with k dependence introduced according to
The effective inelastic cross section gives information on thehitchie and Howie"

energy loss of photoelectrons originating from the degth

below the surface. But experimental XPS spectra sample w2 72K2

electrons from a whole range of depths. This implies that one e(k,w)=1— 2+, ho=——. (20
should perform a suitable integration ¢f.; over path ®° = oty 2m

lengths to make it comparable with experiment. In the preere o, —15.6 eV andi y, is given in Table F
vious work on REELS this was done according to the Figurg 2 shows the exitangle dependence of

F(E)+)\f dE'F(E")Ks(Eo,E'—E, )|,
E

(19

We have studied how the loss featureskafy and K.
ry when the parametess Eg, and 6 change. As a model

i 5
expressioft Kei(Eg hw,a,6) with fixed primary energy Ey=1000 eV)
and excitation deptha=10 A). The bulk and surface plas-
K Eg fiw,0)= f 12 e MK o Eo fi @, 6,8)dX, mons are clearly identified at 1_5.6 anld 11.0 e\(, respectively.
A For growing exit angles there is an increase in the surface-

(18  to-bulk ratio as expected. In addition the overall cross sec-
. L tion decreases with increasing exit angle because the path
wherex=a/cos¢ and elastic scattering is neglected. It MUuStigngih in the medium increases. This is the explanation for
be considered, though, whether this is also a valid procedurg,q”qecrease in the surface plasmon intensity in going from
for XPS. 60° to 70°.

. It.is common praqticg to dividle2 the energy loss in XPS Figure 3 gives the dependence K§«(E,fiw,a,6) on the
into intrinsic and extrinsic lossés: The first are related to excitation depta, with fixed exit angle f=0°) and energy

the sudden creation of the electron-hole paita0, while gz — 1000 V). The relative importance of the surface plas-
the latter are produced during transport of the electron

through the medium. Since the intrinsic excitations occur ap| E |. values for Al of the parametek y, used in Eq(20)
only at timet=0 they contribute to the effective cross sec- tor calculation of the dielectric function.

tion per unit path length ak;,, /x. Therefore we can divide
Ker into two terms, Keg=Kiny /X + Koy, Where K and g, (ev) 175 300 500 1180 2000
Kexr give the contributions from intrinsic and extrinsic fyo (eV) 3.4 28 21 15 1.3
losses, respectively. Substitution into E§8) results in at-
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0.02
b E=to00ey [ a=200A @
— . ™ _ 2 : - o
o a=10A e oos b ° 0 _E,=500eV
'.-> C E, = 1000 eV
2 C
~ 002 0.01 |
< = r E, = 2000 eV
S = :
& S 0005 [
W oot 2 !
® )
y SN
] 0.03 | .
S [ a=10A (b)
0 w [ 6=0°
5
Energy losshw (eV) X 002 k
FIG. 2. Exit angle dependence of the effective inelastic cross -
sectionK in aluminum. The angleg=0°, 60°, and 75° where E,=500eV
considered. The energl,=1000 eV and depth of excitatioa 0.01 E0=1000ev\
=10A are fixed. Al E,=2000eV
mon is diminished when large depths are considered. This is g
caused by the larger time the electron spends in the bulk 0
. . o . 0 10 20 30
compared with the surface region. In addition, the figure
demonstrates howK .(Ep fiw,a,6) approaches the infinite Energy loss ho (eV)
medium resulfEqg. (1)] for a—o. Notice that there is an _ o
overall increase i oy With decreasing. The reason for this FIG. 4. The energy dependencekof; with depth of excitation
is that the relative importance of the intrinsic losses and th@nd exit angle fixed aa=200A and §=0°. The energiess,
losses in vacuum increases as a approaches zero. =500, 1000, and 2000 eV were consider@l The equivalent

Figures 4a) and 4b) show the energy dependence of figure when the depth of excitation is changedate 10 A (b).
Keri(Ep iw,a,6) for fixed excitation depth and exit anglé (
=0°). At a=200 A there is an overall attenuation K In Fig. 5 the calculation has been divided into two contri-
with increasing energi,, as expected, but fa=10 A the  butions, where(a) “electron contribution” is a calculation
behavior is quite different. Here the bulk plasmon is almostyithout the hole, andb) “hole contribution” is the differ-
independent of energy. The reason for this can be foundnce between a full calculation and the “electron contribu-
when the components & are considered. tion,” which corresponds to the effect of the hole. Note that
this division is artificial since none of the two contributions
0.1 corresponds to the physical situation, but it helps the under-
E, = 1000 eV _a=2A standing of the behavior in Fig. 4. The cross section that one
obtains when the hole contribution is removed corresponds
to the situation where an electron is suddenly created without
a hole state. This is different from the situation in EELS
experiments where the electron moves into the sample and
out again. The two situations can therefore not be compared.
The energy dependence of the “electron contribution” is
similar to that of Fig. 4a). However, the hole contribution to
the plasmon intensity increases with increasing energy and
saturates folEy=2000 eV. This is expected for the follow-
ing reason: in the limit of large electron velocity the electron
has, within the relaxation time of the plasmon, moved a large
distance compared with the wavelength of the typical plas-
Energy losshio (eV) mon. Then the potential changes abrugthithin the relax-
ation time of the plasmgnand the probability for plasmon
FIG. 3. The dependence &f; on the depth of excitation for €Xcitation is large. For smakt, we approach the adiabatic
fixed energyE,=1000 eV and exit angl®=0°. The depthsa  limit where the potential around the hole changes more
=2, 10, and 50 A were considered. In addition the figure includesslowly and the probability for excitations is small. The sum
the corresponding bulk inelastic cross section as calculated frordf the two contributiongFig. 4(b)] gives the total effective
Eqg. (D). cross sectiorKq¢, Where the bulk plasmon is almost inde-

0=0°

0.08
0.06

0.04 |

K(E hw,a,0) eV A

0.02
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0.03 !
@) . E,=141356V

0.015

0.02 - E_=200eV

E, =500 eV 0.01

E, = 1000 eV
0.01

Ko (E,i0,0) (eV ' A

—_ " E, =2000 eV
i r E_ =5000 eV ]
:t 3 EO0 = 10000 eV 0.005
3 of
a E L L L 1 L L L L 1 L L L N 0
© r o
> L a=10A b
3 I (b) Energy loss ho (eV)
‘F.o 002 [ E, = 10000 eV
w 02 - E,=5000eV FIG. 6. Dependence of the path length integrated cross section
x% r Eofggg Zx Ks. [Eq. (18)] on exit angle. The energy was fixed &
- o =1413.5 eV corresponding to Al2excited with AlK « radiation.
0.01 B E, The angles¥=0°, 45°, and 60° were considered. The value of the
3 inelastic mean free path was=25.4 A (Ref. 14.
ol

that the hole gives rise to approximately 50% of the bulk
plasmon loss, but contributes little to the surface plasmon
intensity. For comparison, experiments have previously
shown that intrinsic excitations contribute by; to the in-
tensity in the plasmon pedR:® Thus the assumption made
Energy loss fio (eV) by Chen and Chérof neglecting the effect of the core hole
cannot be justified by the present model or by experiments.
. LN o . Notice further that the hole component has a negative low-
iaq%;hﬁe;tcr)llearclgnéiit;u;r?gléb;r(esiiiéz);;olrod;ﬁg:g)?:8?. eTXPf'e' loss tail that is compensated by a positive tail from the elec-

energiesE,=200, 500, 1000, 2000, 5000, and 10000 eV were(rO" COMPONenNt, ankl, is positive everywhere as expected.
considered. In Fig. 9, a comparison is made between model spectra

calculated according to E¢L9) and experimental XPS spec-

pendent of energy and the surface plasmon decreases Wirt'i? of the_ Al 2p line. The_: full width at half maximum of the
increasing energy. Am=200A [Fig. 4@)] the relative primary line shapeF(E_) in the modeli calculation was deter-
weight of the “hole contribution” is so small that the energy mined from. the expe.rlmen.t. As prev!ously hoted we can only
dependence oK is essentially as in Fig.(8). compare with experiment in the region corresponding to one

The present model has the property thég— for melastl_c scattering event. The_experlggental dat&a)nand_
A w—0. This is not observed in the REELS moHeand (b), which were taken from Bairét al.,~” explores the exit
must, consequently, relate to the sudden creation of the elec-
tron hole pair att=0. Thus, it describes the well-known
skewed elastic peak shape observed in
photoemissiort!12117The assertion that intrinsic processes
are responsible for the singularity i« is supported by the
fact that the tail is less prominent when long pathlengths are
considered(Figs. 2 and B That is, the relative weight of
extrinsic losses grows.

Figure 6 shows the dependencekaf(E,,% w,6) on the
exit angled, for fixed energyEy=1413.5 eV corresponding
to the Al 2p peak excited with AK « radiation. The overall
trend is that the ratio of the surface to bulk plasmon intensity
increases when the exit angles increases.

Figure 7 gives the energy dependencekQf(Ey,% w, 6) 0
for fixed exit angled=0°. As expected, the surface to bulk 0 10 20 30
plasmon ratio decreases with increasing energy, and the area Energy loss ho (eV)
below the curve decreases with increasing energy.

Figure 8 demonstrates how the core hole contributes to F|G. 7. Energy dependence Kt for fixed exit angled=0°.
the energy loss. The figure givs, for E;=1413.5 eV and  The following energies and corresponding inelastic mean free paths
0=0°, together with its two components corresponding towere consideredE,=175eV (\=6.2 A), 500 eV §¢=11.5 A),
the hole and the electron. From the figure it can be concludetiooo eV f=19.4 A), 2000 eV £=33.9 A).

-0.01
0 10 20 30

FIG. 5. Energy dependence of the “electron contributidf@)

_—E,=175eV
0.03

E, = 500 eV

E, = 1000 eV
0.02 |- °

E, = 2000 eV

0.01

Koo(E,he,0) eV AT
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0.02
E0 =14135¢eV 1000 -
0=0° B
r?\ 0.015 L
o<l L
> i = -
o 0.01 " ‘E’ 500 L Im(e), €q.19
Y t p— L Im{g), optical data
g I "Electron = |
“:—o 0.005 [ contribution” K Re(e), €q.19
1) -\\ and Re(g), optical data
\é B
¥ of 0
: —~ "Hole e
L contribution" B *
) ) ) | I I I i | I I I I L el | TR B Ll T
0 10 20 30 0 1 2 3 4

Energy loss ho (eV) Energy (V)

FIG. 8. TheK,.cross section & ,=1413.5 eV andh=0°. The . . . . .
figure shows the full calculation and its two components, the “elec- FIG. 10. The real and imaginary parts of the dielectric function

tron contribution” and the “hole contribution’{(see text for defini- Eljlgc:l(:aga Fel:]ﬂ Itlne(;sirgfezrzsrinéztgaftﬁ);a(lgcutlii:dmfg;?uﬂg;;d
tion). The sum of the two contributions gives the full calculation Pty P '

result. 22).

) ] lated fromE+0.05 eV and not fronE. The sensitivity to-
angle dependence of the losses. The elastic peak eBgligy  \yards the chosen cutoff was small and the same cutoff
1413.5 eV corresponding to excitation with Rlx radiation.  energy was used for all calculations. The deficiency is most
The surface to bulk plasmon ratio is well reproduced dor probably due to the assumed functional shape(&f ) for
=0°, but atf=60° the model exaggerates the surface plasy, close to zero, which is not accurately described by Eq.
mon intensity. This discrepancy might be due to unwanteq(). This is illustrated in Fig. 10 where the dielectric func-
effects in the experiment such as roughening and/or oxidajgn in Eq.(20) (k=0) is compared with dielectric data ob-
tion. Furthermore the model assumes that the dielectric funGzined from optical measuremertslt is clear that the di-
tion goes abruptly frome(k,w) to 1 atr, =0. This is not  ejectric function in Eq(20) fails to agree with the optical
very realistic and might give too strong a surface plasfon. gata below an energy of 2—3 eV. Despite this limitation the

The experimental spectrum in Fig(c) was taken with  mogel has correctly reproduced the ratio of the elastic peak

synchrotron radiation ah»=250eV [E,=175eV) and intensity to the plasmon loss intensity for all three ca@@s
6=0°."" Comparison with the model calculation shows that(p) and(c) in Fig. 9.

even for this low energy the model reproduces the correct
surface to bulk plasmon ratio. The convolution in Ef9)
involves integration over a diverging function
[F(E")Ks{E'—E,fiw,f) for E' —E] and in fact it turns out A model to describe electron energy loss in XPS experi-
that the integral itself divergeshe elastic peak grows with- ments is developed. The procedure is analogous to a previ-
out limit). For this reason the integral in EGL9) was calcu- ous model for REELS, which was successful in predicting
effective inelastic electron cross sections. For a given XPS

IV. CONCLUSION

100 _ geometry and primary electron energy, the effective inelastic
3E°;1=4;%§ev ® 1 g0 Eo;fg’oe" © cross section is determined. It includes the effect of the core
o 80 L " hole and, by application of the proper boundary conditions,
"g‘ [ 8 also surface effects. A systematic studykgf; for aluminum
> 60 | ol metal reveals that the relative weight of surface loss features
g 5 . is enhanced for glancing emission angles and shallow exci-
j% aor 4f tation depths. Furthermore, the energy dependente,pfs
; : strongly affected by the contribution of the core hole to the
2o 2 energy loss. For increasing primary energy the core hole con-
o i 7T L N4 tributes increasing energy loss. This contribution saturates
1380 1400 1420 1380 1400 1420 140 160 180 above a certain energy. The path length integrated cross sec-

tion [Eq. (18)] is used for evaluation of model spectra corre
sponding to one inelastic scattering event. Comparison with-
FIG. 9. Comparison of experimental XPS spectra of the pl 2 experimental XPS of Al @ shows good agreement far

line (dot9 and the corresponding model spectra calculated accord=0° at Eg= 1413-4 eV and 175 eV, but fof=60° _the-

ing to Eq.(19) (full line). Experimental data ita) and(b) are taken model overestimates surface losses. The cross section can be
from Baird et al. (Ref. 20 and have an elastic peak energy of resolved into components corresponding to losses produced
1413.5 eV and exit angles 0° and 60°, respectively. Data)imre by the hole and by the electron itself. For Apzat #=0°

taken from Ref. 21 and have elastic peak energy of 175 eV and Othis analysis shows that the hole contributes approximately
exit angle. 50% to the first bulk plasmon excitation.

Kinetic Energy (hw)
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