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Experimental test of model for angular and energy dependence
of reflection-electron-energy-loss spectra
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Experimental inelastic electron-scattering cross sections of Si and Fe determined from reflection-electron-
energy-loss spectroscopREELS experiments are presented. Three primary energies of the ele¢8@ds
800, and 2000 e)/and three experimental geometries have been considered. The cross sections have been
compared with those determined according to a theoretical model introduced in the precedirépéagszro
et al, Phys. Rev. B53, 9719(1996]. The agreement between theory and experiment is good, considering that
the theoretical cross sections are calculated from first principles, without adjustable parameters. For a fixed
primary electron energy the inelastic mean free path, for both Si and Fe, is found to decrease for more glancing
trajectories. The characteristic length for the path-length distribution function of the REELS electrons is found
to be smaller for Fe than for Si and to decrease with energy for both materials.

I. INTRODUCTION scattering cross section obtained with this model were com-
pared with the previous experiment&{E,,% w) obtained by
In Ref. 1, a model was described to calculate the inelastidougaard and Kraaéit was found that the general trends of
scattering cross section for electrons traveling in a generdhe loss features appearing in the experimental cross sections
reflection-electron-energy-loss-spectroscREELS geom-  as the primary energy was changed were well reproduced by
etry. In this paper we want to test the validity of that modelthe theory. ) _
by comparing the theoretical predictions with experimentally ~Recently, Tunget al' have considered another model to
determined inelastic electron scattering cross sectionéEProduce experimentdl(Eq /i w). They obtain very good
K(Eq, i w). agreement Wllth(Eo,ﬁw) determln_ed experlmentglﬁ/'.l'he
In the past, different models have been used to interpre\fal'd'ty of their model has been briefly discussed in the pre-

experimental REELS dafal® After Tougaard and ceding papet. . .
Chorkendorff introduced the formalism  to  obtain The presently used model is based on the so-called “sur-

: Al H
K(E,, ) from measured REELS experiments, several at_face reflection model™" It allows one to include the geom

; . etry as well as the energy dependence of inelastic electron
tempts have been done to reproduce it theoretically, fron%cattering cross section as measured from REELS experi-
first principles calculation$:*°

& ) ments. It is worth mentioning that model B in Ref. 9, which
Tougaard and Kraaepresented a systematic study. They a5 peen applied successfully to the determination of optical

calculated inelastic electron scattering cross sections frorBroperties of several materids!® appears as a particular
measured REELS experiments of several materials and prggse for a given geometfjncidence and exit angles normal
mary electron energies. They were interested in the depeRg the surfaceof the formalism in Ref. 1.
dence ofK(E,,iw) on the primary energf,, and therefore In the following we describe briefly the method to obtain
they used a geometry with incidence and exit angles close thoth experimental and theoretical inelastic electron scatter-
the surface normal to minimize surface excitations. Besidesng cross sections and we discuss the results of the quantita-
they calculated theoretical inelastic electron scattering crossve study of the analysis of the spectra.
sections for the materials assuming that the electrons were
traveling in an infinite medium. The dielectric functiemof
the medium was the only input in their calculations. For very
large E, (several thousands of @\they found good agree- REELS spectra were measured with a commercial elec-
ment between theory and experiment. However, at lower eriron spectrometefVG-CLAM100) equipped with a hemi-
ergies, surface excitations were found to be important andpherical electron-energy analyzer, an electron gun, a dual
the agreement was bad. x-ray source, and an ion gun. The angle between the input
Some years later Yubero and Tougd@arthde a theoretical lens of the analyzer and the electron gun was 25°. To mea-
model for REELS based on first principles. They consideredure at different experimental geometries, three types of spe-
a geometry with normal incidence and exit angles for thecial sample holders were designed to specify the angles for
primary electrons and agamwas the only input in the cal- incidenté and exit electrong, to be(6,,6,)=(0°,259, (50°,
culations. This model takes into account bulk and surface-25°), and(75°,—50° (see Fig. 1 The polycrystalline Fe
contributions, the interference effects between the field set99.9%9 and Si(99.999%,n-type) specimens were cut and
up by the incidence electron on the reflected electron and theounted in a vacuum chamber with a base pressure of about
path-length distribution of the electrons contributing to 107!° Torr. Their surfaces were cleaned and disordered by
K(Eq,%hw). Theoretical calculations of the inelastic electron prolonged ion bombardment with 2-keV Ar The surface

Il. EXPERIMENT
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electrons. We can remove the multiple-scattering contribu-
tion and determin& (E,,% ) by the algorithm

6 =0
0,=25°

8; =75°
8,=-50°

, Eo AL ,
J'(E)_L — K(Ep,E

M K (EoEo-E)= 2
_(010 )_E N+L
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—E)h(E’)dE’}, €y

FIG. 1. Geometries used for the REELS experiments. . . . . .
where\ is the inelastic mean free path,is the attenuation

cleanliness was frequently checked by Auger electron spedength for the path-length distribution of the reflected elec-
troscopy, and only samples with a surface contamination bdfons due to the effect of the elastic scatterihg=E,—E is

low ~1% with respect to any contamination were consideredh€ €nergy loss by the primary electrons, anis the elastic
acceptable. peak area. The prefactbf(L+\) in Eq. (1) can be obtained

The measurement conditions for REELS were as followsPY the condition
For the incident electron beam, three primary endggyof
300, 800, and 2000 eV were used. Spectra were measured at f’o i K(Eg,fiw)dfiw= L @)
FAT (fixed analyzer transmissipmode with the pass energy o AL o AL

of 50 eV, which corresponds to an absolute energy resolution
of ~1 eV. Because of the large difference in intensity, thell Our case energy losséso up to 150 eV were measured,

elastic peak and its tail regidiup to 150 eV belowEy) were ~ Which is large enough to make a good estimate of the total
recorded separately and recombined together afterwards @€@ OfK(Eo.7 ). Finally K(E.7iw) will be determined
make a single spectrutsee description in Ref.)8Then, the taking\ either from the literature or from the inverse of the
measured spectra were corrected for the energy dependeriéé2 of theoretically determined cross sections.

of the analyzer transmission function determined by calibra- The validity of Eqg. (1) for the determination of

tion against the NPINational Physical Laboratopynetrol- ~ K(Eo.iw) has been discussed befdrlt is expected to
ogy spectrometé# give realistic results fok v <# ws+fiw, wherefiwg andfiw,

are, respectively, the surface and bulk plasmon energies of
the solid! For iw>hws+hw, it is expected that the real
value of K(Ey,hw) is underestimated. This is due to the
An experimental REELS spectruj(E) has contribu-  different behavior of the surface losses with respect to the
tions from both single and multiple inelastically scatteredbulk losses that is not taken into account in the derivation of

IIl. EXPERIMENTAL CROSS SECTIONS
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FIG. 2. Inelastic electron scattering cross sections for Si calculated from experithéhlimes) and from the present theofpoints.
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FIG. 3. Inelastic electron scattering cross sections for Fe calculated from experifiodritees) and from the present theofpoints.

Eqg. (1). This effect is clearly observed for Al and Si, for whereE,,,is the maximum energ§o available forK . and
which surface and bulk losses are clearly separafdaljtis N, accounts for the scattering contribution of the core levels
less obvious for other materials with broad loss functions. at binding energies abovg,,.*°

IV. THEORETICAL CROSS SECTIONS V- RESULTS AND DISCUSSION

AND INELASTIC MEAN FREE PATHS The inelastic scattering cross sectioK§E,,%w) ob-
I'gained from experimental data by applying the procedure de-
r§cribed in the experimental section are depicted as full lines
in Fig. 2 for Si and in Fig. 3 for Fe. Three primary energies
(E(=300, 800, and 2000 evand three geometries for inci-
ent and exit electrong ¢; ,6,)=(0°,259, (50°,—25°), and
75°,—50°), see Fig. ] are considered. Besides, these figures
include the corresponding theoretical calculations of
K.dEo.fw, 6;,6,) (points according to Eq(26) in the pre-
vious papef. The dielectric functions for Si and Fe were
taken from Ref. 12 and Ref. 8, respectively. The attenuation
lengthL was taken to bee for all the theoretical calculations
for simplicity. Below we discuss the validity of this approxi-
mation.
+[N(Eo)]7H, () The qualitative agreement between theory and experiment

In Ref. 1, a theory was presented that allows one to ca
culate the inelastic electron scattering cross sectio
Ksd{Ep.7iw, 6, ,6,) as a function of the dielectric function
the electron energ¥,, and the experimental geomettg
and 6, are the incidence and exit angles for the electron
with respect to the surface normal

For a givenK (E,,fw,6;,6,), the theoretical inelastic
mean free patih{Ey,6;,0,) is defined as

Ema)(
sl Eou01,00)1 = | " dh Kol Eo,,0,,00

TABLE I. L/(L+\) from Eq.(2) for Si for the primary energies TABLE Il. L/(L+A\) from Eq.(2) for Fe for the primary ener-

and geometries considered. gies and geometries considered.

Eq (e Eo (eV
Si 0 ( V) Fe 0 ( )
(6 ,60) 300 800 2000 (6 ,60) 300 800 2000
0,29 0.979 0.971 0.986 (0,25 0.886 0.848 0.947
(50,—25) 0.964 0.977 0.989 (50,—25) 0.861 0.897 0.959

(75,~50) 0.967 0.957 0.961 (75,~50) 0.922 0.895 0.948
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TABLE . Theoretical inelastic electron mean free paths  TABLE V. Attenuation length_ (in A) obtained from Eq(4) for
NdEg. 6 ,6,) (in A) calculated from Eq(3), for the primary en-  Si for the primary energies and geometries considered.
ergies and geometries considered for Si. The inelastic mean fres

path from Ref. 18\ppy are included for comparison. S Ey (eV)
|
. E, (V) (6:,6,) 300 800 2000
|

6 .60 300 800 2000 (0,25 250 440 2200

(50,—25) 120 480 2600
0,0 8.3 18.0 39.6 (75,-50) 110 250 740
(0,29 5.3 13.1 31.1
(50,—25) 4.3 11.4 28.8
(75,-50) 3.8 11.0 30.1 obtained values are close to unity as expected since in gen-
Atpp2 10.3 20.6 42.5 eralL>\."8

The obtained values for the theoretical inelastic electron
mean free patha (E,,0;,6,) calculated from Eq(3), for
for both Si(Fig. 2) and Fe(Fig. 3) is good. As the primary the primary energies and geometries considered, are shown
energy increases, the relative importance of surface excitan Table Ill for Si and in Table IV for Fe. Besides, inelastic
tions decreases. Besides, the relative importance of surfa¢gean free path from Ref. 18.pp) are included for com-
excitations increases as the geometry gets more glancingarison. Note that most of the values fio are smaller than
These effects are observed for both theory and experimeffiose of Tanuma, Powell, and PeffriThis is primarily be-
for each geometry and energy considered. cause our model includes the effect of the energy loss of the
For Si in Fig. 2, surface and bulk plasmons are C|ear|>plectrons as they travel in vacuum close to the surface. The
identified as the features at1l and~17 eV, respectively. path length over which the electron can interact with the

The negative excursion of the experimental cross sections 3 lid while it is above the surface increases for the more

~28 eV has been discussed above. It appearsiai, +# o glancing geometries. This results in a decreasing inelastic
and is due to the deficiencies of thé algorithm to ssubtraF::t thg €an free path for glancing trajectories as observed in Tables

multiple scattering from an experimental REELS?II and V. Note that the dependency &{, on geometry is

: ) . . stronger for lower primary energies and is more pronounced
experiment. That is why the negative excursion gets mor

et MOr€45r Fe than for Si.
pronounced when surface excitations are enhanced, i.e., for We can estimate the attenuation length

lower primary energies and more glancing geometries.

Notice that for Si in Fig. 2, both theory and experiment
show more surface losses for the more glancing geometry Nsc
[i.e., (6;,6,) =(75°—509] at 2000 eV than the more normal L= Wiy =1 (4)
geometry[i.e., (6;,6,)=(0°259] at 300 eV. However, for
Fe in Fig. 3, this is not the case.

Not only the shape but also the absolute values of th&vhereL/(L+X) is taken from Tables | and II, anh. is
theoretical cross sections are close to the experimentally déaken from Tables Ill and IV. The thus obtained valueslfor
termined cross sections. However, for Si the bulk plasmorre shown in Table V for Si and in Table VI for Fe. We
peak is underestimated by theory. Note that the theoreticé_ibserve thak is smaller for Fe than for Si at the correspond-

cross sections are calculated from first principles, the oniy'9 energies an_?_hgegmhetri_es._ F;thgermdrei,i zmgller at "
input in the calculations is the dielectric function and no ower energies. This behavior 1s to be expected, because e

adjustable parameters have been applied. elastic scattering cross section is larger for heavier elements

. . and for lower energie$’
Tables | and Il show, for Si and Fe, the experimental . ; -
values of the quantity /(L +A) obtained from Eq(2). The The discrepancies observed between theory and experi

ment could be due to the following effects:
(1) The dielectric function, and in particular the assumed
TABLE IV. Theoretical inelastic electron mean free paths dependence on momer_ltunj transfer, m_lght b_e 'naCCl_Jrate' Re-
AdEo, 6 ,0,) (in A) calculated from Eq(3), for the primary en- cently a new parametrlzanon_of the d_|electr|c ]‘unctlon was
ergies and geometries considered for Fe. The inelastic mean irqgoposed’ for Fe where special care is taken in the fulfill-
path from Ref. 18\1ppy are included for comparison.

TABLE VI. Attenuation lengthL (in A) obtained from Eq(4)

Fe Eo (eV) for Fe for the primary energies and geometries considered.
(6;,60) 300 800 2000 ] Es 0V

e
(0,0 7.9 16.9 35.9

6,0, 300 800 2000
(0,25 5.4 12.3 28.4 (6 ,60)
(50,—-25) 4.0 10.4 25.8 (0,25 42 69 510
(75,-50) 3.3 9.3 25.1 (50,—-25 25 91 600

Arpp2 7.2 13.7 27.7 (75,~50) 39 79 460
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ment of sum rules for the dielectric function that might im- VI. CONCLUSIONS
prove the match between theory and experiment.
(2) Additionally, as the values of in Tables V and VI Experimental inelastic scattering cross sections of Si and

show, all path lengths are not equally probable as is assumegk determined at primary energies of 300, 800, and 2000 eV
in the theoretical calculatior[€£q. (26) in Ref. 1. Including  at different geometries have been presented. They have been
this effect would change the relative importance of surfacgompared with those determined according to a theoretical
excitations for small values df/\, although considering the model introduced in Ref. 1. Good quantitative agreement is
large values ot in Tables V and V1, we expect the effect to fond between the theoretical predictions and the experimen-
be quite small. , , L tal findings for the inelastic scattering cross sections. The
(3) Furthermore, in t_he theoret|call model it S assume heoretically calculated inelastic mean free path is found to
that th? electrons expenence 'only.a smgle elastic large-ang epend on both energy and geometry. For a fixed energy, the
scattering event. This approximation is expected to be r&helastic mean free path is smaller for glancing trajectories.

sonable since small-angle scattering, which is the most prob- . - .
able, would not affect the validity of the present theory. Besides, the characteristic length for the path-length dis-

However, the contributions from backscattered electrons th?t[lbugon ft;mctmn”of tfhe EEEhLS (?Iec;rp nsd|s eztlmated. It '.Sh
have undergone two or more large-angle scattering eventgUnd to be smaller for Fe than for Si and to decrease wit
might be a source of error. energy for both materials.
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