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We have analyzed differential cross secti¢DES9 for the elastic scattering of elec-
trons by neutral atoms that have been derived from two commonly used atomic poten-
tials: the Thomas—Fermi—Dira€TFD) potential and the Dirac—Hartree—Fo¢RHF)
potential. DCSs from the latter potential are believed to be more accurate. We compared
DCSs for six atomgH, Al, Ni, Ag, Au, and Cn) at four energie$100, 500, 1000, and
10000 eV from two databases issued by the National Institute of Standards and Tech-
nology in which DCSs had been obtained from the TFD and DHF potentials. While the
DCSs from the two potentials had similar shapes and magnitudes, there can be pro-
nounced deviationgup to 70% for small scattering angles for Al, Ag, Au, and Cm. In
addition, there were differences of up to 400% at scattering angles for which there were
deep minima in the DCSs; at other angles, the differences were typically less than 20%.
The DCS differences decreased with increasing electron energy. DCSs calculated from
the two potentials were compared with measured DCSs for six atdmsNe, Ar, Kr, Xe,
and Hg at energies between 50 eV and 3 keV. For Ar, the atom for which experimental
data are available over the largest energy range there is good agreement between the
measured DCSs and those calculated from the TFD and DHF potentials at 2 and 3 keV,
but the experimental DCSs agree better with the DCSs from the DHF potential at lower
energies. A similar trend is found for the other atoms. At energies less than about 1 keV,
there are increasing differences between the measured DCSs and the DCSs calculated
from the DHF potential. These differences were attributed to the neglect of absorption
and polarizability effects in the calculations. We compare transport cross sections for H,
Al, Ni, Ag, Au, and Cm obtained from the DCSs for each potential. For energies between
200 eV and 1 keV, the largest differences are about 2@¥H, Au, and Cm); at higher
energies, the differences are smaller. We also examine the extent to which three quantities
derived from DCSs vary depending on whether the DCSs were obtained from the TFD or
DHF potential. First, we compare calculated and measured elastic-backscattered intensi-
ties for thin films of Au on a Ni substrate with different measurement conditions, but it is
not clear whether DCSs from the TFD or DHF potential should be preferred. Second, we
compare electron inelastic mean free patihéFPs) derived from relative and absolute
measurements by elastic-peak electron spectroscopy and from analyses with DCSs ob-
tained from the TFD and DHF potentials. In four examples, for a variety of materials and
measurement conditions, we find differences between the IMFPs from the TFD and DHF
potentials ranging from 1.3% to 17.1%. Third, we compare mean escape depths for two
photoelectron lines and two Auger-electron lines in solid Au obtained using DCSs from
the TFD and DHF potentials. The relative differences between these mean escape depths
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vary from 4.3% at 70 eV t00.5% at 2016 eV at normal electron emission, and become
smaller with increasing emission angle. Although measured DCSs for atoms can differ
from DCSs calculated from the DHF potential by up to a factor of 2, we find that the
atomic DCSs are empirically useful for simulations of electron transport in solids for
electron energies above about 300 eV. The atomic DCSs can also be useful for energies
down to at least 200 eV if relative measurements are made20@ by the U.S. Secre-
tary of Commerce on behalf of the United States. All rights reserved.
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(d) silver; (e) gold; and(f) curium ............ 439 troscopy(XPS). For these applications, knowledge of elastic-
25. Relative intensity of electrons elastically scattering cross sections can be needed to obtain information
backscattered from a gold overlayer on Rit) on the spatial distribution of energy deposition, to enable
defined by Eq(26), as a function of overlayer more accurate analyses, or to define the analytical volume.
thickness at energies ofa) 500 eV and(b)1000 More specifically, data for differential elastic-scattering cross
BV 440 sections, total elastic-scattering cross sections, transport
26. Relative intensity of electrons elastically cross sections, or phase shifts may be required.
backscattered from a gold overlayer on R{t) Elastic-electron-scattering phenomena in solids and lig-
defined by Eq(26), as a function of overlayer uids can be very different from the corresponding phenom-
thickness at energies of@) 500 eV and(b) 1000 ena for the constituent atoms or molecules in the gas phase at
BV 440 pressures for which multiple elastic or inelastic scattering
27. Differential elastic-scattering cross sections/ d can be ignored. For crystalline solids, coherent scattering by
d(}, calculated for gold from the TFD and DHF the ordered atoms leads to electron diffraction, a powerful
potentials at scattering angles exceeding 90°. 441  tool for obtaining information on the atomic structure. As the
28. Ratio of elastic-backscattering probabilitieg, degree of atomic order decreas@sg., for an amorphous
=l au/1n; defined by Eq(27) as a function of solid, a liquid, or a polycrystalline solid consisting of many
assumed values of the electron inelastic mean free randomly oriented grains or assemblies of molegulése
pathforgold.............................. 442 diffraction effects become weaker and can be neglected for
29. Ratio of elastic-backscattering probabilities many practical purposes. Atomic elastic-scattering cross sec-
Raucu= aucu/! v defined by Eq(27) as a tions can then be used for describing electron transport in
function of assumed values of the electron solids. Two other differences between elastic scattering of
inelastic mean free path for the alloy 4Cuso... 443 electrons by neutral atoms and by solidfferences in in-
30. Percentage differenceSRac,, calculated from teraction potential and the occurrence of multiple scattering
Eq. (29) between the calibration curves of Fig. will be discussed below.
29 for the TFD and DHF potentials as a We consider here data describing elastic scattering of elec-
function of assumed values of the electron trons by neutral atoms for energies between 50 eV and 300
inelastic mean free path for the alloy keV, although particular attention will be given to data for
AUsaClsg. .+ v 443 energies between 50 eV and 10 keV. Differential elastic-
31. Plot of the elastic-backscattering probability, scattering cross sections, total elastic-scattering cross sec-
nau, for gold as a function of assumed values tions, and transport cross sections have been calculated and
of the electron inelastic mean free path for normal tabulated elsewhere for many elements, as indicated in Table
incidence of the electron beam and a 12712 There are also a limited number of measurements of
retarding-field analyzer accepting emission these cross sections for certain elements and energies, and
angles between 5° and 85°%................ 444 there are measurements of other parameters for certain solids
32. Ratio of the mean escape deph,from Egs. and energiesto be discussed belowhat depend on elastic-
(31)—(38) to the mean escape depth, scattering cross sections. The latter measurements, in par-
calculated with neglect of elastic scattering for ticular, provide indirect validation of the cross-section data.
two photoelectron lines and two Auger-electron The present calculations of cross sections are valuable, how-
lines in gold as a function of the emission ever, because they can be made for all elements and for a
angle,a. . .. .. e 446 \ide range of energies, and are thus of general applicability.
33. Percentage differencesp, between the mean There can be noticeable differences among cross-section

escape depths for gold calculated using the TFD
and DHF potential$from Eq.(41)] as a

function of emission angle for the two
photoelectron lines and two Auger-electron lines
ingold showninFig. 32.................... 447

data from the sources listed in Table 1. These differences
mainly arise from the different theoretical models used in the
calculations(e.g., relativistic or nonrelativistic theory used
for description of the scattering evemir from differences in
electrostatic potentials describing interaction with the target
atom. The main characteristics of the available databases of
1. Introduction differential elastic-scattering cross sections and/or total
elastic-scattering cross sections available in the literature are
The elastic scattering of electrons by atoms, moleculesshown in Table 1.
and solids is of widespread importance in many applications The theoretical models used for the calculation of atomic
ranging from radiation dosimetry, radiation therapy, radiationelectron densities and/or atomic potentials are shown in
processing, radiation sensors, and radiation protection tdable 2. All of these models disregard electron correlations,
electron-beam lithography, plasma physics, and materialse., the fact that a single determinant is not the most general
analysis by techniques such as electron-probe microanalysigave function for the set of atomic electrons. Correlation is
(EPMA), analytical electron microscopyAEM), Auger-  partially accounted for in the so-called multiconfigurational
electron spectroscopfAES), and x-ray photoelectron spec- methods in which the trial function is approximated by a
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linear combination of several Slater determinants corretween differential cross sections from the T@nd DHF?
sponding to a set of configurations with energies close to thagtotentials and measurements of these cross sections for the
of the ground state. rare gases and mercury.

The potentials that are used in published calculations of We begin with a description of calculations of differential
elastic-scattering cross sections can be roughly classified intlastic-scattering cross sections by the partial-wave expan-
two groups: sion method PWEM) in Sec. 2. Information on calculations
of differential cross sections from the TFD and DHF poten-
tials is presented in Secs. 3 and 4, respectively. The transport

S L cross section, a useful parameter in descriptions of signal-

Thomgs—Ferm—Dwa(:TFD) potential; z_an_d . electron transport in AES and XPS, is defined in Sec. 5. We

(2 po.te_ntlals derived for atoms fro_m relativistic or noanIa'é)resent comparisons of the TFD and DHF potentials for H,
tivistic Hartree—Fock self-consistent methods, e.g., th

lativistic Di Hart - HE) potential (Tabl Al, Ni, Ag, Au, and Cm in Sec. 6. Differential cross sections
relativistic Dirac—Hartree—FoctDHF) potential (Table ¢, yhaqe elements from the TEband DHF?2 potentials are
2) considered in the present work.

presented and compared in Sec. 7 for electron energies of
100, 500, 1000, and 10 000 eV. Similar comparisons are also

tential have been frequently used in theoretical descriptiong]ade_ Olf 12d'ﬁerent'fdl cross sections from the DHF
(e.g., by Monte Carlo simulation®f electron transport in potentiar " at energies of 1000 and 10000 eV to examine

solids 335 Similar calculations have been made with elastic—the effects of different exchange corrections in the calcula-

scattering cross sections from the DHF poterfiaf®>These tions. In addition, we compare calculated differential cross

and related calculations have been performed for applicas-ecuons from the TFD and DHF potentials with measured

tions in surface analysis by AE@cident electron energies CI’OSS.SECIIOHS for He, Ne, Ar, Kr, Xe, and Hg at s_elected
typically between 5 and 25 keV, and detected electron enefN€rgies betwgen 50 anq 3000 eV. The latter comparisons are
gies generally from 50 to 2500 @\dnd XPS(detected elec- made at energies for which there were two or more mdepent
tron energies typically from 200 to 1500 g\and in bulk and dent experimental sets of data available. We present compari-

thin-film analysis by EPMA(ncident electron energies typi- S°NS of transport cross sections obtained from the TFD and

cally between 5 and 30 kevand AEM (incident energies DHF potentlals_ |_n Sec. _8. In Sec. 9: we pr_esent comparl_sons
typically between 50 and 300 keVBecause self-consistent of three quantlt!es derived from differential cross sect.lons
calculations provide a more accurate description of atomi(Ehat were obtained f_rom th? TFD and DHF po_tentlals:
structure, we expect that elastic-scattering cross section‘:s!aSt'C't_)aCkscatt?red |nFenS|t|es for an overlayer.fllm on a
based on the DHF potential will be more accurate than Crosgurfape, electron inelastic mean free paths determined by the
sections calculated from the TFD potential. As a resuIt,el"’l‘c’nc'pe"’lk glectron spectro;copy method; and mean escape
electron-transport calculations are expected to be more relgepths fof signal electrons m_AES an_d XPS.' Finally, we
able if the elastic-scattering cross sections were obtaineﬁommem in Sec. 10 on _the Va“d'ty of_d|fferent|al cross sec-
from the DHF potential rather than from the TFD potential.t'ons_ for n_eutral atoms in '_[he simulations of e_Iectron trans-
The question then arises as to the magnitude of the differend®"t I solids. Our conclusions are presented in Sec. 11.
between these cross sections, particularly in view of the fre-
guent use of the latter cross sections. . . .
We make systematic comparisons here of differential 2'.CaICU|atI.On of D|fferent|§1I
elastic-scattering cross sections and of transport cross sec- Elastic-Scattering Cross Sections
tions (derived from the differential cross sections as indi- DY the Partial-Wave Expansion Method
cated below from the TFD and DHF potentials in order to
determine the magnitudes of differences in these cross sec- Elastic collisions of electrons with atoms can be described
tions for a range of electron energies. These comparisons aby means of the so-called “static-field” approximation, i.e.,
made for six elements spanning a large range of atomic nunmas scattering of the projectile by the electrostatic field of the
ber, Z, i.e., HZ=1), Al(Z=13), Ni(Z=28), Ag(Z target atom. It is assumed that the atomic electron density
=47), Au(Z=79), and CmZ=296). Most of the compari- p(r) as a function of radius,, is spherically symmetric; for
sons are made with cross sections obtained from two Naatoms with open electron shells, this implies an average over
tional Institute of Standards and Technolo@yIST) data-  orientations. The potential energy of the projecti¥ér), is
bases, one which provided cross sections from the TFBhen also spherical. Exchange between the projectile and the
potential® and the other which provided cross sections fromatomic electrons can be accounted for approximately by add-
the DHF potential? These comparisons are made for elec-ing a local correction to the electrostatic interaction. In non-
tron energies between 100 and 10000 eV, the energy rangelativistic (Schralingep theory, the wave function describ-
common to both databases. Additional comparisons havimg the scattering event is a distorted plane wave with the
been made between cross sections from the latter databaasymptotic form
and those from another NIST databHder which the DHF
potential was also used but for which a different exchange P(r) — expliK-r)+
correction was applied. Comparisons were also made be- r—o

(1) potentials resulting from the statistical model of the
atom, i.e. the Thomas—Fern(TF) potential or the

Elastic-scattering cross sections derived from the TFD po

iK
Mf(g), (1)
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wherer is the position vectorp=7K is the momentum of and that is equal to zero at the nucleus. The relativistic phase
the projectile, andi is the reduced Planck’s constant. The function §; (r) behaves in a similar manner. The phase func-
first term in Eq.(1) represents the incident parallel monoen-tion is described by a first-order differential equation with
ergetic electron beam, and the second term describes elehe right-hand side expressed in terms of Riccati—Bessel
trons deflected by the interaction with the scattering centerfunctions. Integration of this differential equation, however,
The differential cross sectiofDCS) for the scattering is is very slowly convergent, and the method cannot be readily
completely determined by the scattering amplitd¢e). used for practical calculatiofs.

In nonrelativistic theory, the distorted plane wajés). The reliability of the calculated DCSs is determined
(1)] are solutions of the time-independent Sclinger equa- mainly by the accuracy of the adopted interaction potential.
tion with the potentialV(r). In the relativistic formulation Atomic potentials derived from statistical models, mostly the
adopted herey(r) is a solution of the time-independent Thomas—Fermi—Dirac modél®* are well described by
Dirac equation with the same potential. To calculate thesimple analytical expressions. Due to this fact, they have
DCS, the distorted waviEq. (1)] is expressed as a superpo- been frequently used in calculations of elastic-scattering
sition of spherical wavesi.e., eigenfunctions of the total cross sections. Relativistic self-consistent calculations pro-
angular momentuinthat are computed numerically by solv- vide a more accurate description of the atomic structure; the
ing the radial wave equation. In fact, only a series of sotelevant algorithms, however, can be very involved. For the
called phase shiftsj , is required to determine the scattering databases of Refs. 9 and 12, atomic electron densities calcu-

amplitude and the DCS. lated with the multiconfiguration Dirac—Hartree—Fock code

In the relativistic(Dirac) theory, the elastic-scattering dif- of Desclaux? were used. This code provides advanced
ferential cross section is expressef®as atomic-structure calculations that account for exchange and

) ) relativistic effects in a consistent way. The program is an

doe/dQ=[f(60)|*+[g(0)|%, 2) implementation of the multiconfigurational model mentioned

above. In fact, one should refer to it as the multiconfiguration
Qirac—Fock model. We also note here that coupling between
elastic and available inelastic channels has generally been
ignored in DCS calculations. Such coupling could occur, for

wheref(6#) andg(6) are the direct and spin-flip scattering
amplitudes. These amplitudes are defined in terms of th
phase shifts5,” and s, for spin-up and spin-down scattering,

respectively example, at energies near thresholds for inner-shell excita-
1 tion and lead to negative-ion inner-shell resonances in the
f(0)= HZ {(I+1)[exp2i5)—1] elastic channel. The calculated DC@sg., in Refs. 10 and
12) may then have larger uncertainties at energies where
+1[exp(2i 6, ) —1]}P,(cosb), (3)  such coupling can occur.

1 o L oty1pl
g(G)ZWZ [exp(2i 6, ) —exp(2id, )]P;(cosh).

“ 3. Phase Shifts Calculated

In Egs. (3) and (4), P(6) are Legendre polynomials, and from the Thomas—Fermi—Dirac Potential
P|1(0) are the associated Legendre polynomials

dpP(2)
dz -

3.1. Differential Equation

Lin et al> and Bunyan and Schonfeld&rdeveloped an

effective algorithm for calculations of relativistic differential
elastic-scattering cross sections. Details of the corresponding
calculations, with the TFD potential to describe the electron—
atom interaction, were published by JabloRékind by
sJablonski and Tougaard. Elastic-scattering cross sections
derived from this algorithm have been successfully used in

the Mot cross section. numerous studies of elastic interactions of electrons with
We provide information in the following two sections on =~ ~5557_ 43 . . . .
solids;“ cross sections obtained in a similar way have

calculations of the phase shifts for the TFD and DHF poten-

H ~21,23-26
tials. These phase shifts fully characterize the elasticf’lISO been applied to problems of the same tpe.

scattering event. Calogéfoproposed a formalism that pro- EIasUc-scattermg cross sgcnons denyed from the TFD pot.en-
vides absolute values of the phase shifts. For théh’;\l were made available in two versions of a NIST elastic-

nonrelativistic case, he introduced the phase functign) scattering cross-section datab&$8The main features in the
that approaches asymptotically the value of the phase shift %@gﬂigo;‘o’e cgrizgssc?ezzlrfitbsegorbgg tvt\alrmlnatlon of these cross
large distances from the nucleus . . o . :
9 The Dirac equation for an electron interacting with the
8= lim & (r), atomic potentiaV(r) can be reduced to a first-order differ-
- ential equatiort>*

Pl(2)=(1-2)"?

In the nonrelativistic limit, i.e., for slow electron§(6) re-
duces to the Schdinger scattering amplitude amy ) van-
ishes. Equation§2)—(4) for central fields were first derived
by Mott,*” and the resulting DCS is sometimes referred to a

J. Phys. Chem. Ref. Data, Vol. 33, No. 2, 2004
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TaBLE 1. Main characteristics of published databases containing differential and/or total elastic-scattering cross sections
Energies
Authors Ref. Theoretical model Potential (eV) Elements
M. Fink and A. C. Yates 1 Relativistic PWEM Relativistic Hartree—Fock—Stater 100-1500 H, He, C, Ne, Ar,
Kr, Rb, Xe, Cs, Au,
Hg, Pb, Bi
M. Fink and J. Ingram 2 Relativistic PWEM Relativistic Hartree—Fock—Stater 100-1500 Be, N, O, Al, CI, V,
Co, Cu, As, Nb, Ag,
Sn, Sh, I, Ta
D. Gregory and M. Fink 3 Relativistic PWEM Relativistic Hartree—Fock—Stater 100-1500 Li, Na, Mg, P, K,
Nonrelativistic Ca, Sc, Mn, Ga, Br,
Hartee—Fock Sr, Mo, Rh, Cd, Ba,
W, Os
M. E. Riley, 4 Relativistic PWEM Relativistic Harteree—Fdck 1000-256 000 He, Be, C, N, O, F,
C. J. MacCallum, Nonrelativistic Ne, Al, Si, Ar, Ti
and F. Biggs Hartree—Fock Fe, Ni, Cu, Kr, Mo,
Ag, Sn, Xe, Ta, Au,
Hg, Pb, U
Fits made for 80
elements
L. Reimer and B. Ldding 5 Relativistic PWEM Hartree—Fock 1000-100 000 C, Al, Si, Ti, Fe,
WKB method Cu, Ge, Mo, Ag,
Sb, Au, Pb, U
Thomas—Fermi-Dirdc
Z. Czyzewski, 6 Relativistic PWEM Thomas—Fermi-Dirac 20-20 000 All elementéfrom
D. O. MacCallum, Hartree—Fock internet site
A. Romig, and D. C. Joy Relativistic
Hartree—Fock
M. J. Berger, 7 Relativistic PWEM Dirac—Hartree—Fdtk 1000-1 000 000 All elementi@aising
S. M. Seltzer, R. Wang, enclosed softwaje
R. Wang, and A. Schechter Tables for
H, He, Be, C, N, O,
Ne, Al, Si, Ar, Ti,
Fe, Cu, Ge, Kr, Mo,
Ag, Xe, Ta, W, Au,
Pb, U
A. Jablonski 8 Nonrelativistic PWEM Thomas—Fermi—Dir&d 50-9999 All elements
and S. Tougaard Relativistic PWEM
R. Mayol and F. Salvat 9 Relativistic PWEM Dirac—Hartree 100-100 000 000 All elements
FocK'
A. Jablonski 10 Relativistic PWEM Thomas—Fermi 50-20 000 All elements
and C. J. Powell Dirac®!
M. J. Berger 11 Relativistic PWEM Dirac—Hartree—Fock 1000—-100 000 000 All elementsising
and S. M. Seltzer WKB method enclosed softwaje
A. Jablonski, F. Salvat, 12 Relativistic PWEM Dirac—Hartree—Fdtk 50-300 000 All elements

and C. J. Powell
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TaBLE 2. Theoretical models used for calculations of the atomic electron density or the atomic potential

Namés) and abbreviation Short description

Thomas—Ferm{TF) Statistical model. The electron cloud is
considered as a locally homogeneous electron gas
confined by the screened field of the nucleus.

Thomas—Fermi—Dira¢TFD) Modification of the TF model that includes the
effect of electron exchange using the exchange
energy density derived by Dirac.

Hartree(H) The simplest self-consistent method.
Nonrelativistic. The Hartree equations are
obtained from the variational method with a trial
function equal to thénonantisymmetrized
product of orbitals.

Hartree—FockKHF) Nonrelativistic. The HF equations are obtained by
applying the variational method with a trial
function expressed as a single Slater determinant,
i.e., as the antisymmetrized product of orbitals.
The antisymmetry of the wave function accounts
for electron exchange effects in a systematic way.

Hartree—Fock—SlatgHFS) Nonrelativistic. The exchange potential in the HF

or Hartree—SlatetHS) equations is replaced by the local approximation
of the Slater(proportional top*?, similar to the
Dirac correction in the TFD modelThe resulting
equations are much simpler to solve than the
H and HF equations.

Dirac—Hartree—FockDHF) Relativistic version of the HF method. Includes

or Dirac—Fock(DF) exchange in the natural way, i.e., the wave
function is a Slater determinant with orbitals that
are solutions of the Dirac equation with a
nonlocal exchange operator.

Dirac—Hartree—Fock—Slat¢DHFS) Relativistic version of the HFS or HS method;

or Dirac—Fock-Slate(DFS) usually the nonrelativistic local exchange
potential of Slater is adopted

dd; (r) k* . k™ =1 for the “spin-down” case, j=I|—3.
ar TS|r'[2<I>r(r)]+[W—V(r)]
The system of units is such that energy is expressed in units
—cog2®, (r)], 1=0,12,..., (5) of mc® and lengthr is expressed in units df/(mc), where
m is the electron mass and is the velocity of light in
vacuum. For each quantum numlbethere are two solutions,
®"(r) and® (r), which are related to thih order spin-up
kt=—(1+1) for the “spin-up” case, j=I+3, and spin-down phase shifts,”

whereW is the total energy of the electron, and the coeffi-
cientsk™ are defined as follows

5 —tarr ! Kjis2(Kn)=ji(KND[(W+ Lytan®; + (1+1+k*)/r] ©
! KNy 1(Kr) =y (KO[(W+1)tan®;” +(1+1+k*)/r]’

where K2=W?—1, j,(x) and n/(x) are spherical Bessel is evaluated for this radiussee Sec. 3)4 The Sarafyan—
functions, and®;" is the asymptotic value of the solution Butcher embedding formulwas found to be very effective

d(r) for integrating Eq.(5).
@ =1lim @ (r). : .
r—soo 3.2. Interaction Potential
The expression on the right-hand side of E).is calculated The interaction potential(r), was approximated by the

for values ofr for which V(r)=0252 The Thomas—Fermi- Thomas—Fermi—Dirac potential. The simple analytical fit of
Dirac potential has a finite maximum radiug, and Eq.(6) Bonham and Stratfdwas used in the calculations
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7€ O =D+ Dr +Dor2+dard+---,
V(r==——T(), ) T PoThar arr s

wheree is the electronic charge and

the TFD potential for all elements except hydrogen. For this

The coefficientsb,, ®,, ®,, and®; were derived by Bu-
nyan and Schonfeld&y

3
‘I'(”:; pi exg —qir) (8)

is the screening function, i.e., the function that takes into SiN(2®y) = —Zy/k™,
account the screening by the atomic electrons. In(Byg.p;
andgq; are fitted parameters that depend on the atomic num-

ber. Jablonskf has shown that this expression well describes
~ W+Z;—coq2d)

element, the fitted parametens; and g; published by Yook cos(2<1>0)'

Jablonski® are recommended.

3.3. Initial Condition for Integration

. 2P, sin(2Py)(1-k*P)+Z
The initial value of the solutionP, (r) for small r has d,= 15IN(2Po)( V+2Z

been calculated from the series expansion 2—2k* cog2®d)

20, SiN(204)(1— 2k* @) + 202 cog 2d ) (1— k= D) + Zs
- 3—2k* cog2d,)

3

where the parameter,, Z,, Z,, andZ; are the coefficients summed with an accuracy of eight decimal places. At 10
of the series expansion of the poten¥glr) for small values keV, the following numbers of phase shifts were necessary to
of r reach this accuracy

1
V(r)=— ?(zo+zlr+zzr2+zgr3+---). for Z=1 0<I|<95,

for Z=13 0=<I=<126,
3.4. Upper Limit of Integration

= <|<
The TFD potential has a finite maximum radiug, For for z=28 0<I<1833,

this reason, the integration of E(p) was performeq up to for Z=47 0<l|<137,

the radiug =r. Values ofry were taken from compilations

published by ThomaS and Jablonski® for Z=79 O0=<l=<141,

Ther, values are independent of electron energy. For se-

lected eIements6,Othese valu@s units of the Bohr radiusa,) for Z=96 0<I|<142.

are as follow?™
for Z=1 ry=2.975, In the energy range 10 keVE<20keV, the summation was

performed with an accuracy of six decimal places. At 20 keV,

for Z=13 ry=4.156, the number of needed phase shifts was distinctly larger than
for Z=28 r,=4.442, for 10 keV
for Z=47 ry,=4.614, for Zz=1 0=<I=<131,

for Z=79 ry=4.771,
for Z=96 r,=4.826.

for Z=13 O0=<I=<175,

for Z=28 0=<I=<183,

3.5. Phase Shifts
for Z=47 0<I=<191,

A considerable number of phase shi&s was found to be

necessary to reach sufficient accuracy of the differential for Z=79 0=<I=<196,
elastic-scattering cross section calculated from E2js-(4).
For energies up to 10 keV, the partial-wave series was for Z=96 0<I=<199.

J. Phys. Chem. Ref. Data, Vol. 33, No. 2, 2004



418 JABLONSKI, SALVAT, AND POWELL

3.6. Special Functions the required accuracynine significant digits in the corre-

) ) ) .~ sponding PWEM code truncation errors are practically
The algorithm used for calculating the elastic-scattering,, giged.

cross sections requires routines to provide the special func-

tionsj,(x), ni(x), P,(x), andP;'(x) [Egs.(3), (4), and(6)].

Care was taken to ensure that these functions were calculated 4.2. Interaction Potential

with an accuracy of ten decimal places fo=0<200. De- ] ) o ]

tails of the analysis and the resulting algorithm for calculat- 1he interaction potential is defined as

ing the functionj,(x) have been published separat&lyA V(r)=—e@(r)+Vedr), (13

similar analysis was made for the remaining special func- i i ,
tions (see Jablonski and Tougafrd wheree(r) is the electrostatic potential of the target atom

Ze 1 o
(p(r)=T—e(;JOp(r’)4wr’2dr’+f p(r’)477r’dr’),
4. Phase Shifts Calculated (14)

from the Dirac—Hartree—Fock Potential and wherep(r) is the atomic electron density which was
calculated using the self-consistent DHF code of Desctaux.
The calculation of phase shiftéand thus the elastic-  The termVe,(r) in Eg. (13) is a local approximation to
scattering DCSsfrom the Dirac—Hartree—Fock potential es- the exchange interaction between the projectile and the elec-

sentially follows the scheme described by Salvat androns in the target; it should not be confused with the ex-
Mayol 5* change interaction considered in the TFD model and in self-

consistent calculations that accounts for exchange between
atomic electrons. We use the exchange potential of Furness
and McCarth§*

4.1. Differential Equation

The phase shiftg;” are obtained from the largebehavior

of the radial wave functions?;"(r) and Q; (r), which are 1
calculated by integrating the radial Dirac equations VexdI) = 5[E+eep(r)]
dPi”  k* ., E-V+2mé 1 h2e? 1z
ar -y Pt g, (o S {[E+ee(r)]2+4m—p(r)
do; E-V ot ()4 'S @b (15
== [ (r)+—0Q7(r), . . . .
dr ch ! ") r Q) The interaction potentidEq. (13)] is thus completely deter-

whereE is the kinetic energy of the projectile that is related mined by the atomic densiy(r).

to its total energyV by E=W—m¢c2. The solution algorithm

implements Baring's power series meth8tand is based on 4.3. Initial Condition for Integration
a cubic-spline interpolation of the potential functiow(r)
that is tabulated on a dense gridrofalues The integration of the radial equations is started from
=0, with boundary values
r=0<ry, <ry_1<ry. (10 N
P (0)=0,

That is, between each pair of consecutive grid pointsnd
rh+1, the potential functionrV(r), is represented as a and

piecewise cubic polynomial in Q7" (0)=0. (16)
rV(r)=an+byr+cqr?+dyr?. (1D in the firstr interval fromr,=0 to r,, [Eq. (10)], the con-
Then, in the interval(,,,r . ,), the radial functions can be Stantsa andp are different from zero and are determined by

Mayol®®). For the outer intervalsr(r,), a=pB=0.

P =r"2 pr'
=0 4.4. Upper Limit of Integration

and . . :
After determining the values of the radial functions at

~ _ the solution is extended outwards by using the series expan-
Qf(f)=r320 air', (120 sions Eq(12) (with a=B=0) up to a certain radial distance,

a Imax, 1arge enough to ensure that the potential energy of the
with coefficients determined by the values Bf (r,) and electronV(r) is negligible as compared to its kinetic energy
Q (r,) at the end point of the intervalsee Salvat and E. For selected elements and at an energy of 10 keV, the
Mayol®®. As these series expansions can be summed up tmaximum ranges were the followir(@in a, units)
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for Z=1 r—12.27, for Z=1 0<I=<307,
for Z=13 r = 20.15, for Z=13 0<I=<538,
for Z=28 r,x=17.85, for Z=28 0<I<478,
for Z=47 r,=19.37, for Z=47 0<I|<514,
for Z=79 r=17.11, for Z=79 0<I<452,
for Z=96 r—=21.54. for Z=96 0<I=<589.

At 20 keV . .
4.6. Special Functions

for Z=1 1= 11.96,
The only special functions used in calculations of the

for Z=13 rma=19.75, DCSs for the DHF potential are the spherical Bessel func-

for Z=28 = 17.48, tions j;(x) andn;(x). The algorithm used to compute these
functions combines several analytical expressions and recur-

for Z=47 r,=18.80, rence relations, and yields results that are accurate to 13 or

_ _ more significant digits for ranges éfand x values used in
for =79 Tma=16.74, the present calculatiors.

for Z=96 r»=21.13.

We see that these ranges are considerably larger than the .
maximum radiusr o, of the TFD potential in Sec. 3.4. 5. Transport Cross Section

Values of the transport cross section are needed in the
4.5. Phase Shifts analytical formalism describing signal-electron transport in
AES and XPS%57 Determination of numerous parameters
At sufficiently large distances the radial functiorP;"(r)  related to this applicatiofie.g., depth distribution function

adopts the asymptotic form for the signal electron®~"Ceffective attenuation lengtf; "2
- signal-electron mean escape deflttinformation deptH?
P/ (r)= sin( Kr—I §+5|+), (17) etc) requires knowledge of the transport cross section val-
ues.
where The transport cross sectig@C9) is defined as the quo-
1 tient of the fractional momentum loss of a particle incident
hK = c E(E+2mcd) (18) on the sample arising from elastic scattering by the areic

density of the sample atoms, for an infinitesimally thin

is the momentum of the projectile. Equati@ty), which con- sample’® This cross section is expressed as an area per atom.
fers a geometrical meaning to the phase shift, is not directlyn other words, the transport cross section describes the mean
usable to Computéli becaus@li(r) reaches the form given fractional momentum loss with respect to initial direction
by Eq.(17) only at distances that may be much larger than due to the elastic scattering alone. Let us denote liie

I max. INStead, the phase shift is obtained from the calculate@lectron momentum before elastic scattering, andkbshe
values of the radial functions at,,, by matching the nu- projection on the initial direction of the momentum after
merical solution to the exact solution foPr ,,,(V=0) that ~ €lastic scattering. Obviouslk’=k cosé. Let us further de-
can be expressed as a linear combination of spherical Besgpte the fractional momentum loss, due to elastic scattering

functionsj(Kr) andn(Kr) with indicesk=1, 1 +1.5° alone, by
The DHF potential requires a considerably larger number lk—k’|

of phase shifts than the TFD potential. At 10 keV, we have Ak= T
for z=1 O<l<221, We may consider the transport cross sectiop, as the
for Z=13 0<I<386, product of the total elastic-scattering cross sectigf, and

the mean fractional momentum logg\ k)
for Z=28 0<1=<343,
(AR = J 4-Ak(do/dQ))dQ) 19

for Z=47 0<I<369, = T AR =0 [4,(da/dQ)dQ (19
for Z=79 0<I<325, Equation(19) can be transformed to

for Z=96 0<I|<422. w
0'"=27Tj (1—cosh)(da/dQ)sino db. (20
At 20 keV 0
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As indicated frequently in the literatufé?33°8a change of values from the two potentials for H. Third, we compare
the atomic potentiale.g., from the TFD potential to the DHF DCSs from two NIST databas&s?for which the same DHF
potentia) can produce a pronounced variations of the differ-potential was used in the calculations but where different
ential cross section in the range of small scattering angles\umerical procedures were employed. These comparisons
Differences in the remaining angular range, with the excepwere made for the same six elements at two electron energies
tion of deep minima in the DCS, are rather small. However,1000 and 10 000 e\ Finally, we compare DCSs calculated
the value of the DCS in the region of minima is small, andfrom the TFD and DHF potentials with measured DCSs for

thus the DCS in this region does not appreciably influenceeven elementéHe, Ne, Ar, Kr, Xe, Au, and Hg
the TCS. In the integrand of ER0), we have two functions

approaching zero in the region of small scattering angles:
sin# and (1—cos#). Consequently, we may expect that the
sensitivity of the transport cross section to the interaction
potential will be much weaker than the sensitivity of the total A change of the potential leads to variations in the shape
elastic-scattering cross section. It has been shown in a recedf the calculated differential cross sectiofiBCSg.%#223%°8
work that, indeed, values of the transport cross section dddowever, comparisons of DCSs have been made only for
pend only weakly on the potential for different elements andselected cases. For example, Jablonski and PSYekibwed
for a wide range of electron energies. that the largest differences between DCSs resulting from the
Dirac—Hartree—Fock—Slater and TFD potentials occur in the
range of small scattering angles; this comparison, however,
was limited to a single energy of 1000 eV. We intend here to
systematically analyze the differences between DCSs for a
wide range of atomic numbers and for a wide range of ener-
gies. Let us consider now the cross sections resulting from
the two described algorithms.

Figures 2—7 show the differential cross sections, as func-
tions of scattering angle, calculated for the six considered
elements at electron energies, of 100, 500, 1000, and

We see that both potentials agree well for small radii, up to-C 900 €V using the TFD and DHF potentials. Qualitatively,

1 a.u., where the screening function has its largest values. A€ Cross sections from the two potentials have similar
larger distances, there is a growing difference between thgh@pes and have similar magnitudes. At low energies, the
two potentials. There seems to be no systematic relationshigCSs exhibit one or more minimewith the exception of
between the potentials. There are different ranges of radfiydrogen. The energy range over which the minima are
where the TFD potential is larger than the DHF potential, Present depends on the atomic numbigr©90 eV for Al,
while in other ranges the DHF potential is larger than theE<2600eV for Ni,E<6600eV for Ag,E<24000eV for
TFD potential. The lack of clear trends in the differencesAU, andE<48000eV for Cm. Both potentials lead to the
between the TFD and DHF potentials can be partially undersame number of minimgor a given element and enerngy
stood by recalling that the TFD electron density variesand their positions depend only slightly on potential. How-
monotonically with the atomic numbé, whereas the DHF ever, there are pronounced differences in the differential
density is affected by “shell” effects, i.e., the contribution cross sections for the two potentials that can be summarized
from each shell has a characteristic shape with maxima anas follows:

minima. As a result, the shape of the atomic electron density

varies from one element to the next.

7.1. Comparisons of Differential Cross Sections
Obtained from the TFD and DHF Potentials

6. Comparison of TFD and DHF Potentials

Figures 1a)—1(f) show the TFD screening function calcu-
lated from Eq.(8) and the electrostatic part of the DHF in-
teraction potentialr ¢(r)/Ze, calculated from Eq(14) for
H, Al, Ni, Ag, Au, and Cm. The TFD potential is plotted out
to the atomic radiug, (Sec. 2.4. The DHF potential is
shown only out to a distance of 6 Bohr ratia.u) which is
slightly larger than the radiiy for the considered elements.

(1) In most casesAl, Ag, Au, and Cmn), pronounced devia-
tions are visible in the range of small scattering angles.
This result is consistent with observation of Jablonski
and Poweft® at 1000 eV.

(2) Considerable differences between DCS values are no-

We present a series of comparisons of differential elastic- ticeable in the vicinity of deep minima. Such differences
scattering cross sections calculated from the TFD and DHF may exceed more than 1 order of magnitydee the
potentials and of these computed cross sections with mea- DCS values for Ni at 100 eV in Fig.(8)].
sured cross sections. First, we make a systematic comparisé® We see slight oscillations in the DCSs calculated for hy-

7. Comparisons of Differential
Elastic-Scattering Cross Sections

of DCSs calculated from the TFD and DHF potentials for six
elementgH, Al, Ni, Ag, Au, and Cn) at four representative
electron energie$100, 500, 1000, and 10000 gVThese
cross sections were obtained from Version'24nhd Version
3.012 respectively, of the NIST Electron Elastic-Scattering

drogen using the TFD potential. These oscillations are
not visible in the DCSs calculated from the DHF poten-
tial.

(4) The deviations between the cross sections tend to de-

crease with increase of electron energy. This result has

Cross-Section Database. Second, we comment on the DCS also been reported by Jablongki.
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A useful measure of the difference between cross sectiongnish forl >1,, wherel % is the angular momentum of the
for the two potentials is the relative percentage deviation. Leprojectile corresponding to the impact parametgri.e.,

us define this deviatiolMDCS, by or SE
_Fo__ ‘o
ADCS=100DCSE - DCDCL, (21 =% = N 27218, @2

where DCS® and DCE'" denote the relativistic differen- where p=#K is the momentum of the projectile, and the
tial elastic-scattering cross sections calculated from the TFl&inetic energyE is expressed in units of eV. This situation is
and DHF potentials, respectively. The relative deviationdllustrated in Fig. 14 which displays phase shifts for scatter-
ADCS for H, Al, Ni, Ag, Au, and Cm at 100, 500, 1000, and ing by hydrogen atoms obtained from the TFD(
10000 eV are shown in Figs. 8—13. We see that the devia=2.97a;) and DHF potentials. The TFD phase shifts are
tions in the region of small scattering angles may reach eveaeen to fall rapidly fol values of about,, as predicted by
70% (e.g., Al or Cm at 100 ey These deviations are asso- the classical picture. As the partial-wave series for the TFD
ciated with the “tail” of the scattering potential for large potential effectively converges with abolgt terms, the dif-
radii. For example, the DHF potential for Al is larger than ference between the TFD and DHF DCSs has an oscillatory
the TFD potential for radii greater than about 1 Bohr radiusstructure(see Figs. 2 and)8and the number of oscillations
[cf. Fig. 1(b)], and consequently the DCS calculated from theincreases withe.

DHF potential is larger than the DCS from the TFD potential

for small scattering anglesee Figs. 3 and)9 The largest

percentage deviations, however, occur in the region of deep 7.3, Comparisons of Differential Cross Sections

minima in the DCSgFigs. 3—7, where the deviations may Obtained from Different Evaluations

reach even 400%. For other scattering angles, the deviations with the DHE Potential

depend on energy, and usually do not exceed 20%. For a

given atom, the deviations decrease with increasing electron As shown in Secs. 7.1 and 7.2, differences between DCSs
energy due to the increasing number of partial waves confor the same element and energyan be mainly ascribed to
tributing to the DCS. As each partial wave correspondgWwo sources:

roughly to a_partlcular w_npact param_eter, the \_/vhole V0|U”_1€(1) differences between atomic potentials used in the calcu-
of the atom is explored in great detail at the higher energies * |5tions. and

by the projectile wave function. As a result, the projectile(z) differences in the maximum radius of the potential uti-
experiences an average potential that is nearly the same for lized in the calculations.
the DHF and TFD potentials. For H, the oscillations in the

TFD DCSs are amplified when plotting the deviations\ye expect, however, that other factors could contribute to
ADCS. As one can see in Fig. 8, the number of oscillationghe observed differences. One possible factor could be differ-
depends on energy, reaching 26 at 10 keV. ences among algorithms used for calculating the phase shifts,
DCSs from the TFD and DHF potentials for additional jn particular, differences in numerical procedures used for
elements are presented in Sec. 7.4 where comparisons gffegrating the differential equation. The resulting DCS dif-
made with measured DCSs. ferences can to a large extent be controlled, e.g., by varying
the integration step. In the present analysis, the algorithm
described in Sec. 4 was used in calculations of the phase
7.2. Differential Cross Sections for Hydrogen shifts for the TF_D_potentiaI. '!'he results ob_tained were in
agreement to within 3—4 decimal places with results from
Let us compare the phase shifig calculated for hydro- the algorithm described in Sec. 3. Thus, we expect that such
gen from the TFD and DHF potentials. The results are showmrrors are not significant here. A second factor for differences
in Fig. 14. At all considered energies, the phase shifts agrem DCSs could be associated with different approximations
reasonably well up to a certain value of the angular momenused for the exchange interaction, which in the calculations
tum quantum numbdr=1,. For larger values, values 06, with the DHF potential is accounted for by the local approxi-
calculated for the TFD potential decrease sharply while thenation[Eq. (15)] and is neglected in the DCS calculations
phase shifts for the DHF potential decrease exponentiallysing the TFD potentialEq. (7)]. A final factor could be
over a wide range df. The oscillations in the DCS potential related to the interpolation procedure that is needed in the
arise from the fact that there is not a sufficient number ofprogram running the database, i.e., to provide DCS values at
Legendre functions in the series expressed by Ef)sand finer intervals of electron energy and scattering angle than

(4). those used for the main DCS calculations. Considerable de-
The most conspicuous difference between the TFD and theiations (particularly relative deviationscould occur in the
DHF potentials is that the former drops to zeroratr, regions of deep minima in the DCSs as a result of limitations

whereas the DHF potential approaches zero asymptoticallgf the interpolation procedure.

(i.e., forr—oo, cf. Fig. 1. The finite range of the TFD po- To examine changes in DCSs that arise from reasons other
tential has a direct influence on the phase shifts. On classictthan the potentials, we decided to compare DCSs provided
grounds, we expect the phase shifts for the TFD potential tbby two NIST databases listed in Table 1:
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istance r (2,) istance r (a,) function of radial distancé€n units of
the Bohr radiusa): (solid line) the
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potential:(a) hydrogen;(b) aluminum;
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g curium. Note the finite range of the
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(1) the Berger and Seltzer databd$end Furness and McCartf{/[Eq. (15)]. As shown by Riley and
(2) the Jablonski, Salvat and Powell databese. Truhlar® their high-energy approximation is the lowest-

order term in the expansion of the Furness—McCarthy local-

The DCSs N each database were calculateq using the Sar@ﬁchange potential in powers of the inverse kinetic energy of
DHF potential(for each atom Different numerical methods, . )
the projectile. Therefore, at low energies, the Furness—

however, were used for calculating the DCSs. In addition L )

the exchange corrections adopted in the two databases a'l}/g?Carthy potential is expected to yield more accurate phase
different. Berger and SeltzBrused a high-energy approxi- Shifts and DCSs. .

mation from Riley and Truhld® [Eq. (98 in Ref. 11], Since the lowest energy in the Berger and Seltzer database

whereas Jablonslet al’? used the exchange correction of is 1 keV, our DCS comparisons were made for two energies:
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Fic. 2. Differential elastic-scattering cross sections/df), calculated for hydrogen for two potentials as a function of scattering atsgéd line) DHF

potential; (dashed ling TFD potential:(a) energy of 100 eV(b) energy of 500 eV{c) energy of 1000 eV; and) energy of 10 000 eV.
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Fic. 3. Differential elastic-scattering cross sections/df), calculated for aluminum for two potentials as a function of scattering afgéid line) DHF
potential;(dashed line TFD potential:(a) energy of 100 eV(b) energy of 500 eV{c) energy of 1000 eV; and) energy of 10 000 eV.
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Fic. 4. Differential elastic-scattering cross sections/df), calculated for nickel for two potentials as a function of scattering artgtdid line) DHF potential;
(dashed ling TFD potential:(a) energy of 100 eV(b) energy of 500 eV{c) energy of 1000 eV; an@) energy of 10 000 eV.
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Fic. 5. Differential elastic-scattering cross sections/df), calculated for silver for two potentials as a function of scattering arigibdid line) DHF potential;
(dashed ling TFD potential:(a) energy of 100 eV(b) energy of 500 eVic) energy of 1000 eV; an¢d) energy of 10 000 eV.
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Fic. 6. Differential elastic-scattering cross sections|df), calculated for gold for two potentials as a function of scattering artgédid line) DHF potential;
(dashed ling TFD potential:(a) energy of 100 eV(b) energy of 500 eV{c) energy of 1000 eV; and) energy of 10 000 eV.

10004 Curium 100 eV @ 10004 curium 1000 &V ©
1004
- s 109
o h-] 3
2 2 ]
3 8 014 )
0014
0'01 T T 1 1 T 1E'3 T T 1 T T
1000 1000
3 : 10000 eV @
1004 100
T 104 g 10
o ] L
= 1 -
] B ]
0.1 E e 0.1
0.01 4 0.01 1
1E-3 T T T T T 1E3 T T T T T
0 30 60 9 120 150 180 0 30 60 %0 120 150 180
Scattering angle (deg) Scattering angle (deg)

Fic. 7. Differential elastic-scattering cross sections/df), calculated for curium for two potentials as a function of scattering ar(gtgid line) DHF
potential;(dashed line TFD potential:(a) energy of 100 eV{b) energy of 500 eV{c) energy of 1000 eV; and) energy of 10 000 eV.
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1 and 10 keV. Generally, the observed deviations are mucthe Jablonski, Salvat, and Powell database. PlotARES
smaller than those found in comparisons of DCSs from there shown as a function of scattering angle for H, Al, Ni, Ag,
TFD and DHF potentials that were considered in Sec. 7.1Au, and Cm at the two energies in Fig. 15. We see that for
The differences are not visible in semilogarithmic plotselements and energies where there are no pronounced
showing the DCSs as functions of scattering ar(glech as  minima in the DCSs(Figs. 2-7, the differences between
Figs. 2—7; the plots seem to be identical within the thicknesscross sections are very small. For H, Al, Ni, and Ag, the
of the lines. Thus, as a measure of relative deviations, weifferences do not exceed 0.02% for most scattering angles.
used an expression similar to H&2) Slightly larger deviations are observed for scattering angles
_ = HE HE near 180° where the deviation reache®.28% for hydrogen
ADCS=100DC&s" - DS )/DCSr,  (23) at 10000 eV. A common feature of Figs. (&b-15(d) is a
where DC@QF is the differential elastic-scattering cross sec-fine oscillatory structure. This is probably due to the different
tion taken from the Berger and Seltzer database, and)CS number ofl terms in the partial-wave series used in the cal-
is the differential elastic-scattering cross section taken frontulations of DCSs. For high-atomic-number elements, the
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Aluminum 100 eV (a) 1000 eV (©
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Fic. 10. Percentage differences be-
tween differential elastic-scattering
cross sectionsADCS, calculated for
nickel from Eq.(18) for the TFD and
DHF potentials as a function of scat-
tering angle,#: (a) energy of 100 eV;
(b) energy of 500 eV;(c) energy of
1000 eV; andd) energy of 10 000 eV.

oscillations are much less pronounced. However, the deviariations might possibly be due to numerical round-off errors
tions are larger than for low- and medium-atomic-numberand interpolation errors. These contributions, however, do

elements. For gold, the largest deviation-§€.3%, and for

not seem to be significant.

curium *=1%. Furthermore, the largest deviations observed An obvious question arises as to the magnitude of the
for Au and Cm at 1000 eV occur in the same positions as theontribution to the DCS due to the exchange correction. To
evaluate this contribution, the algorithm described in Sec. 4

deep minima in the DCSs.

We find that the DCSs from the two databases consideredas been used in calculations of the DCSs that include or
are practically equivalent. For the low- and medium-atomic-neglect the exchange correctifri. Eqg.(13)]. The deviations
number elements, the agreement is within 3—4 decimabetween calculated DCSs were determined from an equation
places. Larger deviations, observed for high-atomic-numbesimilar to Eq.(23)

elements, should be ascribed to the different exchange poten-
tials used in the respective algorithms. Some part of the de-
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ADCS=10aDCSAF - pCF/DCLF, (24

Fic. 11. Percentage differences be-
tween differential elastic-scattering
cross sectionsADCS, calculated for
silver from Eq.(18) for the TFD and
DHF potentials as a function of scat-
tering angle,d: (a) energy of 100 eV;
(b) energy of 500 eV;(c) energy of
1000 eV; andd) energy of 10 000 eV.
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Fic. 12. Percentage differences be-
tween differential elastic-scattering

-100 T T T T T -40 T T T T T cross sectionsADCS, calculated for
160 40 gold from Eq.(18) for the TFD and
500 eV (b) 10 000 eV 1G] DHF potentials as a function of scat-
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where DCE; " is the DCS calculated with the exchange cor-10 keV where the deviations usually do not exceed 2%. In all
rection and DCR is the DCS calculated with neglect of cases, the values afDCS are much larger, by up to 2—3
the termVg,(r) in Eq. (13). Values of ADCS from Eq.(24)  orders of magnitude, than the deviations between DCSs from
are shown as a function of scattering angle for H, Al, Ni, Ag.the two databases considered hefe Figs. 1%a) and 16a),

Au, and Cm ir_1 Fig. 16 at the two electron en_ergies. We seg, Figs. 15c) and 160)].

that the contr|bL_Jt|o_n of the exchange potential to the _DCS We therefore conclude that the exchange correction of Ri-
can be substantial, in particular, for elements and energies f%y and Truhlaf® leads to practically identical DCSs as the

which there are deep minima in the DC@g, Au, and Cm . . .
at 1 keV). In the vicinity of minima, the deviations between correction of Furness and McCartffiThe slight differences
DCSs may exceed 35%. The DC’Ss for H. Al. and Ni at 1betvveen these DCSs are considerably smaller than the differ-

keV differ by up to 5%. Smaller deviations are observed ances due to neglect of the exchange correction.
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(at 50, 100, 200, 400, and 750 g\and Hg(at 100, 150, 300,
and 500 eV, respectively. The standard uncertainty in the

with Measured Differential Cross Sections measured DCS values has been typically estimated by the

authors of the reported DCS measurements to be between

We present illustrative comparisons here of DCSs calcuz L
. ) 5% and 25%. Examination of the measured DCSs for Ar at
lated from the TFD and DHF potentials with measured DCS > °

for six elementsHe, Ne, Ar, Kr, Xe, and Hyat energies 300 eV in Fig. 19b), the element and energy for which there

is the largest number of independent measuremédits
between 50 and 3000 eV. These elements were selected bs ows that the ratio of the largest DCS to the smallest DCS

cause in most cases there were at least two independent mea- . -
a scattering angle away from the minimum can be up to

surements available for the chosen electron energies. In son?% .
casesNe at 800 eV: Ar at 800 eV, 2000 eV, and 3000 eV: Kr 200Ut 1.8. The measurements of Vuskovic and Kufepp-

at 750 eV: Xe at 750 eV: Hg at 500 gVmeasured DCSs pear to be systematically larger than the other measurements

from a single source were used to extend the range of eleégr_ most scattering angles; if their results are excluded, the
tron energy or atomic number in the comparisons. For alf&l0 of the largest DCS to the smallest DCS is less than 1.5.
such sources, DCS measurements were available at other effMilar inspections of other figures where there are three or
ergies and were in satisfactory agreement with results fronf’oré DCS measurements at various scattering arigles,

other groups. The calculated cross sections in these compafil€ at 50 eV and 100 eV in Figs. 17; Ne at 100 eV in Fig.
sons were obtained from Version ®Gfor the TFD poten-  18(@; Ar at 500 eV in Fig. 1%); Kr at 100 and 200 eV in

tial) and Version 3.8 (for the DHF potential of the NIST ~ Fig- 20; Xe at 100 and 200 eV in Fig. 21; and Hg at 100 and
Electron Elastic-Scattering Cross-Section Database. 300 eV in Fig. 22 indicate that the consistency of the mea-
Several review articles have identified and discussed resured DCSs is typically within=25% although there are
quirements for reliable measurements of differential elasticSome larger rangge.g., for He at 100 eV in Fig. 18) and
scattering and other cross sections in electron—atorfPr Kr at 200 eV in Fig. 2Qb)]. We also note that the mea-
interactiong®~% The requirements relevant to elastic-DCS surements of Kurepa and Vusko¥fior He at 100 eV in Fig.
measurements include knowledge of the uncertainties id7(b) are also systematically larger than the other measure-
measurements of the incident electron-beam current, th@ents shown, a result consistent with the Ar data in Fig.
beam energy, the effective product of path length of the beard9(b).
in the scattering gas and solid angle of the detector system, We now consider the extent to which the measured DCSs
the scattered-electron current, and the gas pressure. In adédigree with the calculated DCSs as a function of electron
tion, the gas pressure clearly has to be low enough to avoigéinergy. Argon is the element for which there are two or more
unwanted multiple-scattering effects. DCS measurements over the energy range from 50 eV to 1
Figures 17—22 show measuféd and calculated DCS keV (with additional data from one group at 2 and 3 keV
values for He(at 50, 100, 300, 500, and 700 g\We (at 100, Figures 19g) and 19h) show that there is excellent agree-
300, 500, and 800 ey Ar (at 50, 100, 300, 500, 800, 1000, ment between the measured DCSs and the DCSs from both
2000, and 3000 el Kr (at 100, 200, 500, and 750 ¢VXe the TFD and DHF potentials. At lower energies, the mea-
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sured DCS agree generally better with DCSs from the DHF %% FO—— - L R o
potential than the TFD potentige.g., in the positions and 0024 0054

magnitudes of the deep minima in Figs.(d9and 19b)], §ow T | MM[
although it is clear that the measured DCSs are smaller thag [~ " TV i M
the computed DCSs at other scattering angles. For other e -0021 005+

ements, there is generally close agreement betweentheme | oo
sured DCSs and the DCSs calculated from the DHF potentia oo 010

at the highest available energigsg., He at 700 eV in Fig. | roomoey - 10000eY

17(e); Ne at 800 eV in Fig. 1&l); Kr at 750 eV in Fig. 20d); g /\]\[\/\A‘
Xe at 750 eV in Fig. 2(e); and Hg at 500 eV in Fig. 28)]. 8 000 AANAPANAAAL---| 000 AN Ll
At lower energies, the measured DCSs are often smaller tha" 005

the calculated DCSs for most scattering angles, and the de s oo
viations between the measured DCSs and the DCSsfromth =~ o 2 e o 10 15 0 © 3 6 s 120 150 150

DHF potential generally become larger with decreasing en- Scattering angle (deg) Seattering angle (deg)
ergy. In most cases, the DCSs from the DHF potential agret *“ T vee  sooev o] Tow e o
better with the measured DCSs in the vicinity of deep _ oos- 0.5
minima than DCSs from the TFD potentig.g., for Ne at éom . A om
100 eV in Fig. 18a); Kr at 100 eV in Fig. 208): Xe in Fig. & o e N
21; and Hg at 300 eV in Fig. 28)]. There are some situa- %7 005
tions, however, where the reverse ocdes., for Kr at 200 010 —— 010 ————
eV in Fig. 20b) and Hg at 100 and 150 eV in Fig. R2 010 o0y 010 00y
although the result for Kr might be associated with limited s 0,054
angular resolution in the experiments for the particularly nar-& o ARA
row minimum expected at a scattering angle of about 81°.§ OO0 PERARRA VY| OO YSNARRRA
Finally, we point out that the measured DCSs are larger thar 0.5 -0.05 1
the DCSs from the DHF potential, particularly at lower en- —— 010 -
ergies, for scattering angles less than about(pafticularly © 3 60 9 120 150 180 0 3 60 9% 120 150 180
He in Fig. 17; Ne at 100, 300, and 500 eV in Fig. 18; Ar at Scatienng ange (deg) Scatenng 2nle (g
50, 100, 300, and 500 eV in Fig. 19; Kr at 100 and 200 eV in ~ **Tem  to0ev L E—— o
Fig. 20; Xe at 50 and 100 eV in Fig. 21; and Hg in Fig)22 024 14
The range of scattering angles where these positive differ £ 00 .
ences occur nevertheless gets smaller with increasing ele§” \Yam Y W
tron energy. 021 11

For electron energies below 1 keV, the DCSs calculatec ogd4—f@ —
from the DHF potential have the same shapes as a functio o4 2

. 10000 eV 10000 eV

of scattering angle as the measured DCSs and the corre , | 1
number of minima. The absolute values of these DCSs foi € o
scattering angles larger than about 25°, however, are systeng oo e o
atically larger than the measured DCSs, as just noted. Th -2 4
cause for this systematic difference is believed to be the ne o -
glect of absorptior(or inelastic-scatteringeffects that can- O 0 6 o 10 10 18 0 3 6 0 12 150 180
not be accounted for in the calculational algoritHth.In Scattering angle (deg) Scattring angle (deg)
principle, these absorption effects can be described by agc. 15. percentage differences between differential elastic-scattering cross
imaginary potentiat®”1% an imaginary potential in the sections, ADCS, obtained from the Berger and Selt#Ref. 11 database

Schroedinger equation is equivalent to a loss of parti’ﬂ%s, and the Jablonslét al. (Ref. _12) database at energies of 1000 and 10 000

result to be expected due to open inelastic channels. Unfoﬁ-l\l/]r:mm%g)(ﬁgk:ﬁ (Z)fgiﬁ'\f;'g?efggﬁﬁt;eﬁg iﬂﬁ{fr’n.(a) hydrogen; (b)

tunately, this approach is difficult to implement. On the one

hand, it is hard to calculate the local absorption potential

from first principles®’ because it depends on the details ofgas phase, increases the DCS at relatively small scattering

the wave functions of excited atomic states. On the otheangles and is responsible for the deviations mentioned above

hand, the solution of the radial equations for complex potenin this angular range.

tials requires numerical algorithms different from those used The arguments that lead to an imaginary potential and a

for real potentials. long-range polarization potential in elastic-electron scatter-
A second intrinsic limitation of the DCSs calculated from ing are the following. In a perturbation expansion of the

the DHF potential is the atomic polarizability correction. elastic-transition rate to second order, the second-order terms

This correction, which can be described empirically byinvolve virtual transitions to excited states. As mentioned

means of a long-range polarization potentiak (%) for the  above, the formalism is very involved because it requires

J. Phys. Chem. Ref. Data, Vol. 33, No. 2, 2004



ELECTRON ELASTIC-SCATTERING CROSS SECTIONS 431

knowing the wave functions of excited states. A method to 2
bypass this difficulty is based on the so-called eikonal theory
that allows the calculation of the scattering amplitude to sec-

0 0
ond order in terms of only the ground-state wave functftn. 2/ 24
From the eikonal scattering amplitude, one can obtain an _]| 4

| Hydrogen 1000 eV (a) 2 Aluminum 1000 eV (b)

ADCS (%)
1

“equivalent” approximate local potential that yields approxi- 4 - 5 -
mately the eikonal scattering amplitude. This potential con- o2 " 10 p—
sists of the electrostatic potential used in our calculations anc ~ °11 054

a second-order term that is complex. The real part of this €
@0 014

term corresponds to the polarization potential, and the imagi- g F

nary part is the absorption potential. Alternatively, approxi- o7

mate absorption and polarization potentials can be obtainec

-1.54
2.0

s o
o o
1

T T T T
30 60 90 120 150 180

from semiclassical argumen{see Ref. 108 and references 0 % e @ 12 150 180 0

therein. Recently, Salvat® has proposed a semiempirical Scatering ange cea) o Seatering ande (cea)
optical-model potential in which the absorption and short- 2 wike 1000V © 5 sier 10006V @
range polarization potentials are obtained from the local den- o

sity approximation, i.e., by assuming that the atomic electron® 2 54
cloud behaves locally as an homogeneous electron gas. Thg 104
model parameters, determined by fitting a large set of experi- ] 154

mental DCS datdessentially those presented in Figs. 17— =
22), were found to be essentially independent of the energy '° o omey 0 0000 eV
of the projectile and the atomic number of the target atom. °°] ol
Although this type of approach yields more accurate DCSs at€ o
low energies, calculations are substantially more difficult gw 1ol
than for the TFD and DHF potentials considered here. For | sl
condensed matter, there is no empirical information available ,,1  — Py B
on the magnitude of the polarizability and absorption effects. 0 3 60 90 120 150 10 0 30 & 0 120 1% 180
Scattering angle (deg) Scattering angle (deg)

In principle, the absorption correction should be similar to 40
1000 eV
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to be much weaker than for the gas phase because both thg ] 0 {\
larizing field of th jectil d the field of the induced g
polarizing field of the projectile and the field of the induce 0 7 \J NGA I XJ

:

atomic dipole will be screened by the medidthit should = ] o

also be noted that it is customary to construct a muffin-tin -0 30+
40 -40

potential for solids to describe elastic-electron scattering in
the medium. This change from an atomic potential will 14 100006V 14 10000 &V
modify the DCSs at small scattering andi&sbut the result- . .
ing changes are in the opposite direction to the atomic-
polarizability correction. The long-range polarization field is

'1'W\/\ '*'
attractive. This field therefore increases the DCS at small 2] 27

angles where, classically, trajectories have large impact pa: - — T 3 —
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. . . 0

rameters and the projectile sees only the “tail” of the poten- Scattering angle (deg) Scattering angle (deg)
tial. On the other hand, the muffin-tin potential for a solid
vanishes outside the muffin-tin sphere As a result. the tail OF'G' 16. Percentage differences between differential elastic-scattering cross

. . ' ' ctions,ADCS, with and without exchange correction calculated at ener-
the atomic p_otentlal_ 'S_ suppres_sed and the Sma”'angl_e DC§es of 1000 and 10 000 eV from E(®4) as a function of scattering angle,
for an atom in a solid is smalléin the absence of polariza- 6 (a) hydrogen; (b) aluminum; (c) nickel; (d) silver; (¢) gold; and
tion) than the corresponding DCS for a free atom. In prac-f) curium.
tice, the degree of partial cancellation of these two effects
will depend on atomic number and electron energy.

ADCS (%)

!

. Versions 2.6° and 3.0'2 respectively, of the NIST Electron

8. Comparisons Of_ Transport Elastic-Scattering Cross-Section Database. We see that the

Cross Sections agreement is generally rather good. With the exception of
energies below about 200 eV, the dependences seem to be
nearly identical. To evaluate the deviations between the
TCSs quantitatively, let us consider the following percentage

The energy dependences of the TCSs for H, Al, Ni, Ag,difference, Aoy, :

Au, and Cm obtained from the TFD and DHF potentials are
compared in Fig. 23; these TCS values were obtained from Aoy=100 0 P = o log™, (25

8.1. Comparisons of Transport Cross Sections
Obtained from the TFD and DHF Potentials
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Fic. 17. Comparison of differential elastic-scattering cross sectiom&l(t calculated for helium for two potentials as a function of scattering angle with
measured differential cross sectiofsolid line) DHF potential;(dashed ling TFD potential:(a) energy of 50 eV{b) energy of 100 eV(c) energy of 300 eV,

(d) energy of 500 eV{e) energy of 700 eV. The symbols show the measurements of BrofibbtgConkey and Prestdi, Gupta and Reés, Kurepa and
Vuskovic® Janseret al,® Registeret al,®® Wagenaaet al.®” and Brungeret al®

whereoy™ andoy"" are the transport cross sections result-Cm), Ao, varies considerably in the energy range up to 1000
ing from the TFD and DHF potentials, respectively. Valuesey, and exceeds 20% at some energies. For energies larger
of Aoy for the six elements are shown as a function of eny,5n 1000 eVAa, is less than 5%.

ergy in Fig. 24. Above 200 eV, the largest percentage differ- - 5 gimijar analysis, for the same potentials, was published
ence is observed for hydrogen. The value\ef, is close to by Jablonski and Powéfifor Be, C, Al, Cu, Ag, and Au. The

20% for H at 200 eV, and decreases with increasing energ nergy range considered by these authors, however, was

to 10% at 20000 eV. For low and medium atomic number ]
elements(Al,Ni,Ag), the value ofA o, is less than 5% for smaller(100 eV-10 keV than that considered here. Further-

energies above 200 eV. At lower energies, howevear, more, the percentage difference between DCS values was
may exceed 40%. For high atomic number eleméatsand ~ defined by a slightly different relation than E@5). None-
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Fic. 18. Comparison of differential elastic-scattering cross sectiom&l(l] calculated for neon for two potentials as a function of scattering angle with
measured differential cross sectiolsolid line) DHF potential;(dashed linge TFD potential:(a) energy of 100 eV{b) energy of 300 eV{c) energy of 500

eV; and(d) energy of 800 eV. The symbols show the measurements of DuBois and®R@Gighta and Ree¥, Janseret al,® Williams and Crowe’
Wagenaaet al.®” and Bromberd*

theless, the energy dependencer{tr found by Jablonski Elford and Buckman have pUb”ShEd “preferred” TCS val-
and Powef® are very similar to the dependences shown inues for a number of atoms based on an analysis of measure-
Fig. 24. ments and calculationd? Most of the preferred TCSs are for
electron energies of less than 10 eV although some data are
given for energies of up to 100 eV. We show illustrative
TCSs in Table 3 for two atoms, He and Hg, that are based on
measured DCSs for electron energies of 50 and 100
eVv86:88.10Reagisteret al® and Brungeet al® derived TCSs
Elford and Buckmaht? have discussed experimental de- after performing a phase-shift analysis of their DCSs while
terminations of transport cross sectignften also referred to  Panajotovicet al1%* obtained TCSs after extrapolating their
as momentum-transfer cross sectjorir electron energies DCSs to 0 andr. For Hg and an energy of 100 eV, the
of interest here, TCSs are determined from measured DCSsxperimental TCSs are smaller than the calculated TCSs by
and Eq.(20). Unfortunately, it is not generally possible to about a factor of two, as would be expected from a casual
measure DCSs over the complete range of scattering anglésspection of Fig. 2@).
due to the difficulty of defining the interaction volume accu-
rately for small scattering angles and to geometrical con-
straints for large scattering angles. As a result, it is necessary
either to extrapolate measured DCSs to scattering angles of 0
and m, perhaps using calculated DCSs as a guide, or to fit
measured DCSs as a function of scattering angle with Egs.
(2) and (3) using a selected number of phase shifts as free
parameters. The latter approach can be useful for low elec- Differential elastic-scattering cross sections are used for a
tron energiesE<200 eV) where the number of phase shifts variety of purposes, as noted in Sec. 1. We discuss here the
is sufficiently smalf:t>114 extent to which certain quantities derived from DCSs may

8.2 Comparisons of Transport Cross Sections
Obtained from the TFD and DHF Potentials
with Measured Transport Cross Sections

9. Comparisons of Quantities Derived
from Differential Cross Sections
that were Obtained from the TFD

and DHF Potentials
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Fic. 19. Comparison of differential elastic-scattering cross sectiom&l(t] calculated for argon for two potentials as a function of scattering angle with
measured differential cross sectiofsolid line) DHF potential;(dashed ling TFD potential:(a) energy of 50 eV{b) energy of 100 eV(c) energy of 300 eV,

(d) energy of 500 eV{e) energy of 800 eV(f) energy of 1000 eV; an¢y) energy of 2000 eV; energy of 3000 eV. The symbols show the measurements of
Panajotovicet al,’? Wagenaatet al.®” DuBois and Rudd® Cvejanovic and Crow& Gupta and Reé® Janseret al,®® Srivastavaet al,** Vuskovic and
Kurepa®® Williams and Willis?® Bromberg® Dou et al,’” and Igaet al®®
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Fic. 20. Comparison of differential elastic-scattering cross sectionsi(Y] calculated for krypton for two potentials as a function of scattering angle with
measured differential cross sectiolsolid line) DHF potential;(dashed linge TFD potential:(a) energy of 100 eV{b) energy of 200 eV(c) energy of 500

eV; and(d) energy of 750 eV. The symbols show the measurements of Cvejanovic and Emamjo > Srivastaveet al,* Williams and Crowé?! Wagenaar

et al,’” Bromberg® and Jansen and de Hé&t.

vary depending on whether the cross sections were obtaingle corresponding neutral atofgee also Sec. 9.4lt is pos-
from the TFD or DHF potentials. Specific consideration issible that the deep minima in the DCSs for atoms shown in
given here to three quantities relevant to materials characteFigs. 2—7 may occur for the DCSs in solids at different scat-
ization: (1) elastic-backscattered intensities for an overlayertering angles and with different strengths. We therefore sug-
film on a substrate(2) electron inelastic mean free paths gest that, where possible, experimental configurations be
determined by elastic-peak electron spectroscopy; @hd avoided for which the DCS has a deep minimum. Otherwise,
mean escape depths for signal electrons in AES and XPSimulations describing elastic backscattering might have
Comparisons will be made of these quantities for DCSs oblarge uncertainties.
tained, as before, from the TFD and DHF potentials, specifi- Problems associated with the theory of elastic backscatter-
cally Versions 2.8 and 3.0'? respectively, of the NIST Elec- ing were demonstrated in studies of gold overlayers depos-
tron Elastic-Scattering Cross-Section Database. ited on nicke*'®>!®n the experimental configuration used
by Jablonskiet al.*® the direction of the electron beam was
at 25° with respect to the surface normal while the analyzer
axis was located along the surface normwaith an accep-
Elastic-scattering cross sections are needed for a descripgnce angle oft6°). At energies of 300 and 500 eV, the
tion of elastic backscattering of electrons from solid surfaceselastic-backscattering probability was found to decrease with
An electron impinging on the solid surface may leave thethickness of the gold overlayer despite the fact that the total
solid as a result of multiple elastic collisions. The process oflastic-scattering cross section for gold is much larger than
multiple scattering, however, is usually dominated by onethat for nickel. At energies of 1000 eV or more, the elastic-
large-angle elastic collision. We have seen from Figs. 8—1®ackscattering probability increased with overlayer thick-
that the largest differences between DCSs calculated fromess. These experimental results were confirmed in a later
the DHF and TFD potentials occur at scattering angles comwork''®in which the experiment was performed in a slightly
responding to deep minima in the DCSs. The scattering paodifferent configuration(normal incidence of the primary
tential for the solid will, in general, be different from that of beam, emission angle of 25°, and an acceptance angle of

9.1 Elastic-Backscattered Intensities
for an Overlayer Film on a Substrate
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Fic. 21. Comparison of differential elastic-scattering cross sectiom&l(l] calculated for xenon for two potentials as a function of scattering angle with
measured differential cross sectiofsolid line) DHF potential;(dashed ling TFD potential:(a) energy of 50 eV{b) energy of 100 eV(c) energy of 200 eV,

(d) energy of 400 eV; ande) energy of 750 eV. The symbols show the measurements of Wagenahf’ Nishimuraet al,’! Ester and Kessléf? Jansen
and de Heel® Williams and Crowé! and Bromberd*

+4°). These results were in good agreement with Monten the DCS for Au at a scattering angle close to 155? Fig.
Carlo simulations of elastic backscattering that made use dd(b)]. For the angular range relevant to these experiments,
differential elastic-scattering cross sections obtained from théhe DCS for nickel is much larger than that for gold. At
TFD potential. These simulations were performed for thehigher energies, the minimum in the Au DCS shifts towards
same configurationgincidence angle, emission angle, and smaller scattering anglé¢sf. Fig. 6(c)], and the DCS for gold
acceptance anglas in the respective experiments. The de-is larger than that for nickel.

crease of the backscattering probability at energies up to 500 We have repeated the Monte Carlo calculations for these
eV was ascribed to the presence of a deep minimum locategkperiments at energies of 500 and 1000 eV using differen-
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Fic. 22. Comparison of differential elastic-scattering cross sectiamsi(t] calculated for mercury for two potentials as a function of scattering angle with
measured differential cross sectiofsolid line) DHF potential;(dashed linge TFD potential:(a) energy of 100 eV{b) energy of 150 eV(c) energy of 300
eV; and(d) energy of 500 eV. The symbols show the measurements of Holtlkarah % Panajotovicet al,!** Bromberg!® and Peitzmann and Kessié&f.

tial cross sections for gold and nickel calculated from thetions; nevertheless, the experimental ratios differed notice-
DHF potentials for these atoms. We determined the elasticably (see Figs. 25 and 26Although the angle between the
backscattering probability for an uncovered nickel substrateglectron beam and the analyzer axis was the same in both
7(0), and for a gold overlayer with thicknessleposited on experimentg155°9), the location of these directions with re-
nickel, »(t). It was convenient to compare values of the spect to the surface was different. The differences between

ratio, R(t), of elastic-backscattering probabilities the experimental ratios might also be partially due to system-
(t) atic errors associated with the different experime(es.,
R(t)= —= ki (26) accuracy of determining the angles, different sample-
7(0)’ preparation procedure, ekcFinally, the observed differences

that were obtained from either measured or calculated backnay result from the different analyzer-acceptance angles. In
scattering data. Figures 25 and 26 show comparisons of meloth experiments, hemispherical electron-energy analyzers
sured values oR as a function of Au thickness from Refs. (HSAs) were used of different constructions, and these had
115 and 116, respectively, with the corresponding values ofiominal acceptance angles of4° (Ref. 116 or +6° (Ref.

R determined from Monte Carlo simulations for each experi-115. In general, we expect that the measured intensities may
mental configuration and with differential cross sectionsdepend on the acceptance angle, especially in the vicinity of
from each of the two potentials. We see that both cross segleep minima in the DCS.

tions lead to reasonably good agreement with the experimen-

tal data. There is a distinct difference, however, between the

relative intensities calculated for each potential. In one case,

use of differential cross sections from the DHF potent|al9 2 Electron Inelastic Mean Free Paths Determined

(DCSfrD F) leads to ratios that are closer to the experimental by Elastic-Peak Electron Spectroscopy ~ (EPES)
results while, in other cases, the differential cross sections

from the TFD potential (DCEP) lead to better agreement. ~ Measurements of elastic-backscattered probabilities, a
As mentioned above, the experiments reported in Refgechnique known as elastic-peak electron spectroscopy
115 and 116 were performed in slightly different configura-(EPES, can be used to obtain inelastic mean free pétiis
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Fic. 23. Energy dependence of the transport cross sections calculated from the TFD and DHF pdssiithlsie) the DHF potential{dashed lingthe TFD
potential:(a) hydrogen;(b) aluminum;(c) nickel; (d) silver; (e) gold; and(f) curium.

FP3 at various electron energiés. The IMFP is an impor-  known. These measurements are made for the same incident
tant parameter that is needed for quantification of surfacebeam energy and current, the same scattering conditions, and
analytical techniques such as AES and XPS. the same analyzer conditions. In the other type of EPES ex-

The EPES experiments can be performed in two waysperiment, absolute measurements are made of the ratio of the
Most commonly, relative measurements are made of the inelastically backscattered current to the incident beam current
tensities of electrons backscattered from two surfaces, orfer a selected sample material. No standard material is used.
the specimen of interest and the other a “standard” materialWe consider these two types of experiments in Secs. 9.2.1
for which the IMFP is considered to be sufficiently well and 9.2.2, respectively.
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9.2.1. EPES Experiments with a Standard Material |
_ TMsample _ !'sample
Rsample_ -7 (27

. . . . I |
In typical EPES experiments with a standard material, YIstandard - standard

measurements are made of the ratio of the elastic- We showed in Sec. 7.2 that DCS values from the TFD and
backscattering probabilities for a sample of interegtmpie DHF potentials can differ considerably at scattering angles
and for a selected standard materiajgga,gaq With a  close to those where deep minima occur in the DCSs. We
“known” IMFP. Four elemental solids were recommended in therefore now consider a “worst-case” situation in which an
a previous ana|ysis as suitable standards: Ni, Cu, Ag’ anEPES experiment is performed with a material, electron en-
Au.l’ The same ratio is calculated from a suitable theoreti€rgy, and experimental configuration for which there is a
cal model describing the backscattering phenomenon. Montdeep minimum in the DCSfor a single elastic-scattering
Carlo simulations of electron backscattering are usuallyevent. Figure 27 shows the large-scattering-angle region of
made for this purpose, and DCS values are required for the
sample and standard materials at the electron energies of
interest. Simulations are performed at a particular electromasie 3. Values of transport cross sections”, derived from measured
energy for different assumed values of the IMFP for thedifferential cross sections for He and Hg at energies of 50 and 100 eV and
sample, and a so-called calibration curve is produced iffie corresponding calculated transport cross sectieffs, and o™, ob--

. . . . . . tained from Refs. 10 and 12 with use of the TFD and DHF potentials,
which the ratio of elastic-backscattering probabilities is

. : >respectively
given as a function of the sample IMFP. The measured ratie

can then be used to determine the sample IMFP. Energy oy afP oDrF
To determine experimentally the ratio of elastic- Atom (ev) (ag) Ref. (as) (@
backscattering probabilities, one does not need to measure pe 50 251 86 2.45 2.77
their absolute values. It is sufficient to measure elastic-peak 50 3.32 88 2.45 2.77
intensities for the sample and standard in the energy distri- 100 0.754 86 0.834 0.928
butions of backscattered electrongympie and | sangarg €~ Hg 50 123 104 204 184

100 4.29 104 8.70 7.70

spectively. We then have the ratio of intereR¢,mpe

J. Phys. Chem. Ref. Data, Vol. 33, No. 2, 2004



440

JABLONSKI, SALVAT, AND POWELL

104 E=500ev @ 104 E=500eV @
— R
= : ) DHF = . . DHF
,% 08 1 ® Theory with DCS % 08 —Q‘; o Theory with DCS
8 .10 o Theory with DCSF® 5 |& o Theory with DCS},
£ Rely " £ 0.6 - %
2 A A Experiment 2 CA\ A Experiment
[} M ©
3 0448 g 04 o,
80 o o o o ® QOBBAB - ProreeBreeeeeeeee 4
.
0.2 *g ........ -z- _____ z ....... z.- ............... z * 02 ®ooe ® [ ] L L
0.0 T T T T 0.0 T T 1 1
0 20 40 60 80 © 0 10 20 30 40 o
3.0
= b
E=1000ev ® 1.8 E = 1000 eV (b)
2.5
g & 164
% 201 z
@ P O eecccecaccancens A
8 B = S 14- {&
2] £ R a
Ao fo) o] o [e] o Q O L Fi Sababatitls
% @' é 4 e o o e ¢ 2 ggg o .
O
«© 3 124 ) ® ® ®
3 10+ & g ovee®®
»
0.5 1.0+
0.0 T T T T T T T T 08 T T T I
0 20 40 60 80 o 0 10 20 30 0 ©
Overlayer thickness (A
ver i @ Overlayer thickness (A)

Fic. 25. Relative intensity of electrons elastically backscattered from a gold L . .
overlayer on NiRR(t) defined by Eq(26), as a function of overlayer thick- Fic. 26. Relative intensity of electrons elastically backscattered from a gold
ness at energies ofa) 500 eV and(b) 1000 eV (triangles and dashed line  °verlayer on NiR(t) defined by Eq(26), as a function of overlayer thick-
experimental data taken from Jablongiall'> results of Monte Carlo  "¢SS at energies ofa) 500 eV and(b) ]1?,90 eV:(triangles and dashed line

: : ) ! o P : experimental data from Jablonséi al**® results of Monte Carlo simula-
simulations for the same configuration as used in Jabloest*® with tioﬁs for the same configuration as used in Jabloeskil 1 with elastic-
elastic-scattering cross sections calculated from the TFD potejojeEn - onig L .
circles and from the DHF potentiafilled circles. scattering cross sections calculated from the TFD potefdian circles

and from the DHF potentidfilled circles.

the DCS for gold at energies of 500 and 1000 eV. The verthe recommended IMFPs for gold of 8.36 and 13.78 A at
tical line with the acronym HSA indicates the average scatthese energies, respectivEly. The calibration curve in Fig.
tering angle in the experiments of Jablonskial?'>*'®As 28 calculated with DCSs from the TDF potential leads to
discussed in Sec. 9.1, a deep minimum in the DCS occurs famaller IMFPs for Au, 6.93 and 12.13 A at energies of 500
gold at 500 eV in the vicinity of a scattering angle of 155°, and 1000 eV, respectively. We calculate the percentage dif-
and there are appreciable differences in the DCS values froffierenceAN
the TFD and DHF potentialﬁ:f. F|g 1Zb)], smaller differ- N TED DHF DHFE
ences near this scattering angle occur at 1000 eV. AN=100Njn "= Aip )/ Nig (28

For an EPES experiment with normal incidence of thefrom the IMFPs\["° and \P"F, derived from calibration
primary electron beam and a mean emission angle of 25°, theurves calculated using DCSs obtained from the TFD and
average scattering angle will be 155°. Calibration curves foDHF potentials, respectively. The resulting values fof
a gold sample and a nickel standdi@., Ry, =15,/Ini @S @ from Eq.(28) are —17.1% and—12.0% at 500 and 1000 eV,
function of the IMFP assumed for Awalculated for this respectively. This “worst-case” example illustrates that a
configuration and for electron energies of 500 and 1000 e\significant systematic error can arise in IMFPs determined
are shown in Fig. 28. In these calculations, we assumed thaty EPES with DCS values from the TFD potential for mate-
the acceptance angle was equaktd® which is typical for rials (in this case, Al electron energie§in this case, 500
hemispherical analyzet$® We see that the calibration curves eV), and measurement configurati@in this case, a scatter-
derived from DCS values that were obtained from the TFDing angle of 155f such that there is a deep minimum in the
and DHF potentials differ considerably, particularly at 500DCS. Although a measurement with this configuration for Au
eV. Such differences will clearly lead to different IMFP val- at 1000 eV would not occur near a deep minimum in the
ues. Suppose, for example, th¥d, is measured to be 0.2325 DCS, there is an error of 12.0% in IMFPs determined from
at 500 eV and 1.226 at 1000 gthese values correspond to the calibration curve derived with use of DCSs from the TFD
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(@) Gold 500 ev (b) Gold 1000 eV
HSA CMA  HSA
Fic. 27. Differential elastic-scattering

cross sections, add(), calculated for
gold from the TFD and DHF poten-

- 0.1 °~1’5 tials at scattering angles exceeding
k] h 90°: (solid line DHF potential;
W (dashed ling TFD potential: (a) en-

o] ergy of 500 eV;(b) energy of 1000 eV.

% Vertical line with the acronym HSA
° indicates the average scattering angle

for the experiments of Jablonsét al.
(Refs. 115 and 116and the vertical
line with the acronym CMA shows the
average scattering angle for the
: experiments of Krawczylet al'®

0.01 - 0014 |

1E3 — 1E3

T T T T v v T T T d T T v
90 120 150 180 90 120 150 180
Scattering angle (deg) Scattering angle (deg)

potential. This systematic error arises in part from a positiveeV, the percentage differences decrease to less than 5%. To
error in the DCS for Aucf. Fig. 12c)] and in part from a determine an IMFP in the alloy, we need only a fragment of
negative error in the DCS for Ncf. Fig. 10c)] at the scat- the calibration curve corresponding to measured ratios,
tering angle of 155°. Raucu, for particular energie¥® These ratios and the corre-
We consider now the determination of IMFPs by EPESsponding IMFPs are listed in Table 4 for DCSs obtained
with a cylindrical-mirror analyzer, the instrument that hasfrom the TFD and DHF potentials. As one can see, the
been most frequently used in the work discussed in a recemhange of potential leads to changes in the derived IMFPs of
review!!’ In this configuration, the primary electrons are in- less than 6% at energies of 200 and 500 eV. At higher ener-
cident on the surface along the normal, and the average emigies, the changes in the derived IMFPs decrease from 3.26%
sion angle is equal to 42.3°. For the case of Au with thisat 1000 eV to 1.27% at 2000 eV. The latter change is com-
configuration, EPES measurements at 500 eV would be weparable to the precision of our Monte Carlo calculations.
removed from deep minima in the DCS for Au while mea-
surements at 1000 eV would be closer to a deep minimum ¢, 5 gpgs Experiments without a Standard Material
(cf. Fig. 27. No minima are observed in the DCS for Cu at
the considered energies in the relevant angular range. EPESWe consider now EPES experiments in which a standard
measurements of AuCu alloys with a CMA and an Au stan-material is not usedf:’ Measurements are made of the ratio,
dard have been reported recently by Krawceylal '8 As an Nsample Of the elastically backscattered currengyype in @
example, we consider the case of thesflus, alloy. Figure  particular solid angléfor the material and electron energy of
29 shows calibration curves for four electron energies beinteresj to the current of the incident bean,e,, Such
tween 200 and 2000 eV for the conditions of the Krawczykexperiments are more demanding than the relative measure-
et al. experiments. These calibration curves were calculatedhents described in Sec. 9.2.1 because each of the currents,
assuming the same acceptance angle as for the analyzerligmyeandl,eam has to be measured absolutely. Monte Carlo
the experiments, i.e-6°. The differences between the cali- simulations are made for the particular experimental condi-
bration curves found using DCSs with the TFD and DHFtions to produce calibration curves showifg,m,eas a func-
potentials in Fig. 29 are much less than the correspondingon of assumed values for the sample IMFP. The IMFP can

differences in Fig. 28. then be determined from the calibration curve as the value
We quantify the differences between the calibration curveshat gives the same value @f,ypas that measured.
in Fig. 29 by defining the percentage differentB, ¢, As an example, Fig. 31 shows EPES calibration curves for

_ TED DHF \ ; 5DHF gold in the form of plots of the calculated elastic-
ARaucu= 100 Raucy™ Rauc)/Ravcu: (29 backscattering probabilitiesy,,, as a function of assumed
whereR} 2, andRYE are the values oRy,c, for the TFD  IMFP for normal incidence of an electron beam in a
and DHF potentials, respectively. Values®R,,c, are plot-  retarding-field analyzer for emission angles between 5° and
ted in Fig. 30 as a function of the assumed IMFP values. W&5° at electron energies of 500 eV and 1 keV. This configu-
see that\R, ¢, is practically always less than 10%. At 2000 ration was selected to correspond to some absolute EPES
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measurements®19The calibration curves of Fig. 31 were 05
obtained, as for Fig. 28, from Monte Carlo simulations in (@ 500 eV

which DCSs from the TFD potentidbashed ling and the 04
DHF potential(solid line) were utilized. The marked ordi-
nate values, 0.036 01 at 500 eV and 0.05323 at 1 keV, are e

values ofzy,, obtained from the simulations with DCSs from <§ 0.3

the DHF potential and the recommended IMFPs for Au of W 0.2325 o

8.36 and 13.78 A, respectively’ The IMFPs derived from & 02
the calibration curves for the TFD potential for these values
of 7, are 7.52 and 13.60 A, respectively. Values\affrom
Eq. (28) are —10.0% and—1.31%, respectively.

As another example, we consider the absolute EPES ex- 6.93 8.36
periments of Dolinskiet al. made for Cu in which the sur- 0.0 T l T T T
faces were cleaned by concurrent” kkombardment and

) 20
heating to remove K from the surfat®. These measure- ®)
ments were made with normal incidence of the primary beam
and a RFA for which the range of accepted emission angles 154
was between 5° and 44°. Table 5 shows IMFPs obtained ’ 1.226
from the experiments of Dolinslat al. and from DCSs cal-
culated from the TFD and DHF potentials for energies be- 104
tween 250 and 1500 eV and the percentage differences be- 2
tween these IMFPs from EQq(28). These percentage
differences range between 2.36% at 250 eV to 6.42% at 500 05
eV. Table 4 also shows IMFP values,™>, obtained by Do- '
linski et al. using the DCSs from a relativistic Hartree— p

Fock—Slater potential of Fink and Ingram.

LA

R =

1213 13.78
0.0 7 T T
0 5 10 15 20

Inelastic mean free path (A)

9.3. Mean Escape Depths for AES and XPS

. . Fic. 28. Ratio of elastic-backscattering probabilitiRg,=1,,/I; defined
The mean escape deptNED) is a useful parameter in by Eq.(27) as a function of assumed values of the electron inelastic mean
AES and XPS. This parameter specifies the average deptinee path for gold. Two calibration curves for EPES experiments are shown

normal to the surface. from which signal electrons are emitbased on Monte Carlo simulations with DCS values obtained from TFD and
ted. The MEDD. is défined b§721 DHF potentials: (solid line) DCS calculated from the DHF potential;

(dashed lingDCS calculated from the TFD potentidh) energy of 500 eV
. d and (b) energy of 1000 eV. The calibration curves were calculated for the
_ Jozd(z,a)dz (30) experimental configuration of Jablonski al1*>®who used a hemispheri-
fgd’(Z: a)dz ! cal analyzer for their measurements.

where ¢(z,«a) is the emission depth distribution function

defined as the probability that the particle leaving the surface

in a given direction originated from a specified depth mea- wf

. : Ci=— —

sured normally from the surface into the matetfal. 1 16
The following analytical expression for the MED of signal

electrons in AES and XPS has been derived by Jablonski

et al3! from a solution of the kinetic Boltzmann equation

within the so-called transport approximation

7\in)\tr

(3cog6-1)

2 2_
><Jl(x +X cosa)(3x 1)H(X’w)dx, (35)

0 X+ CoSa

1X(3x2—1)H (X, w) g
X.

cz=“£—§(3 cog 0— 1)]

S
D= osa+ —|, 31 o  X+cosa

)\in+)\tr SZ ( ) (36)

where In Egs.(31)—(36), \; is the transport mean free pathis the
S =(1- w)_l/2X+ Cy, (32) glectron emission angle with respect _to the surface norénal,

is the angle between the x-ray direction and the surface nor-
B 1 (B14)(3 cog y—1) mal in XPS, ¢ is the angle between the direction of x rays
S=(1-w) 7%= H(cosa, o) +Ca (33 and the analyzer axis in XP,is the photoionization asym-

. metry parameter in XPSy is the single-scattering albedo
(/2N (1 ,1/2J H given by w=\j/(\in+\y), and H(x,») is the Chan-
x=(w2)(1-0) o €O (cosa, w)d(cosa), drasekhar functioh?® The transport mean free path is ob-
(34 tained from the transport cross section
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3] @ Au, Cu ) 124 @ 1000 eV x,/'
. 200 eV |
g ',x’ "/ Fic. 29. Ratio of elastic-
I 2 - ',x’ 0.8 - 5 backscattering  probabilities Raycy
3 pl A =14/l au defined by Eq.27) as a
0:3 1 i function of assumed values of the
14 0.4 - 7~ electron inelastic mean free path for
i ) the alloy AuyCus,. Two calibration
curves for EPES experiments are
0 T T T T 0.0 T T T shown based on Monte Carlo simula-
0 2 4 6 8 10 0 5 10 15 20 tions with DCS values obtained from
12 16 TFD and DHF potentialsfsolid line)
(b) 500 eV 7 1@ 2000 eV DCS calculated from the DHF poten-
1 i tial; (dashed ling DCS calculated
2 o 1.24 from the TFD potential(a) energy of
=3 0.8 ‘,.—" 200 eV, (b) energy of 500 eVfc) en-
= ] ’,x' 0.8- ergy of 1000 eV; andd) energy of
“o s ’ 2000 eV. The calibration curves were
0:3 0.4 - _x" A calculated for the experimental con-
s~ 0.4 1 figuration of Krawczyket al'® who
] used a cylindrical-mirror analyzer for
their measurements.
00 ) ) I 1 00 ) ) )
0 2 4 6 8 10 0 10 20 30 40
Inelastic mean free path (A) Inelastic mean free path (A)
1 and can be neglected for typical photoelectron lines in
)\tr:NO'tr’ 37 XPS3! The change in the MED values, due to the assump-

whereN is the atomic density, i.e., the number of atoms per
unit volume. For AES, the emission of Auger electrons from
atoms is close to isotropic for amorphous and polycrystalline
solids, andB=0. The MED from Eqs.(31)—(36) then be-

comes

It has been shown that the paramet€rsand C, in Egs.
(32) and(33) are small compared 18, andS,, respectively,

D=\ Ay(x+cosa)/ (Nt Ay).

tion thatC, andC, are equal to zero, usually does not ex-
ceed 5%. This assumption has been made in the present
MED calculations.

We consider now changes in MED values from H@4)—
(39) arising from the use of transport cross sections in Eq.
(37) that were computed from Edq20) using DCS values
obtained from the TFD and DHF potentials. Calculations
were made for four electron energies in gold corresponding
to two Auger-electron lines (AN,VV and AuMsNg/Ng7)

(38)

5 5
(a) Au,Cu,, (0 1000 eV
0- 200eV 0
g
-5 -5 -
<
-10 4 -10 4
Fic. 30. Percentage differences,
-15 T T T T -15 T T T ARpycy, calculated from Eq(29) be-
0 2 4 6 8 10 0 5 10 15 20 tween the calibration curves of Fig. 29
5 5 for the TFD and DHF potentials as a
(b) 500 eV (d 2000eV function of assumed values of the
electron inelastic mean free path for
04 04
= the alloy Ay Cusg.
g Y
§ -5+ -5
24
g
-10 -10
-15 T T T T -15 T T T
0 2 4 6 8 10 0 10 20 30 40
Inelastic mean free path (A) Inetastic mean free path (A)
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TasLE 4. IMFP values for the alloy A4Cus, derived from calibration 0.06
curves for the EPES experiments of Krawcatkal '8 that were calculated (@ 500 eV
using DCSs obtained from the TFD potentiafl{°) and the DHF potential 0.05 -
(APFFy at the indicated energies from the measured ratigg,/l ay, Of
elastic-backscattered intensities. The percentage differences in the derived 004 0.03601
IMFPs, A\, from Eq.(28) are shown in the final column. ”
2 0,03
IS L
E )\;I;]FD )\?}HF AN .
(eV) IAuCu/I Au (A) (A) (%) 0.02 - .
200 2.144 6.91 6.58 5.02
500 0.881 7.86 7.43 5.79 0.01
1000 1.081 16.17 15.66 3.26 7.82 8.36
1500 1.078 22.10 21.48 2.89 0.00 T T T T J
2000 0.859 24.78 24.47 1.27 006 0 2 4 6 8 1 12
(b) 1000 eV
0.06 4 0.05323

and two photoelectron lines (Awsdand Au4f,) for XPS

with Mg Ka x rays. These energies cover a wide raffgem 7 004
70 to 2016 eV. In these calculations, we selected a repre-
sentative valuE® of the angleyy=54° and determine® for
variations of the electron emission angte,from 0° to 80°. 0.02
The variation ofa corresponds to rotation of the sample in a

chamber with fixed positions of the analyzer and the x-ray 0,00 : : 1360 1?"'78
source(for XPS). 0 5 10 15 20
The transport mean free path is the only parameter in Egs. Inelastic mean free path (A)

(31)—(38) describing the strength of elastic-scattering effects

in a given solid. If the transport mean free path reaches in'—ZIG' 31. Plot of the elastic-backscattering probabiligy,, for gold as a
9 : p p function of assumed values of the electron inelastic mean free path for

finity, the MED approaches the value determined from thenormal incidence of the electron beam and a retarding-field analyzer accept-
so-called common formalism of AES and XPS in which ing emission angles between 5° and 55°. Two calibration curves for EPES
elastic—electron collisions in the solid are neglected If Weexperiments are shown based on Monte Carlo simulations with DCS values

. obtained from TFD and DHF potentialssolid line) DCS calculated from
denote the MED for this case hy' then Eq.(31) becomes the DHF potential{dashed lingDCS calculated from the TFD potentig)

A=\ coSa (39) energy of 500 eV andb) energy of 1000 eV.

— MNin .

To examine the effects of elastic scattering @nit is con- ) ” )

venient to determine the rati®yep strong in gold** we conclude that the change of potential

will not significantly affect MED values of other elements at

Rumep=D/A. (40 energies typical for AES and XPS.

Figure 32 shows plots dRyep calculated from values db -

for the TFD and DHF potentials as a function @ffor the 10. Va“d't_y Of_ Calcu_lated DCS Data

four selected photoelectron and Auger-electron lines in gold. ~ for Atoms in Simulations of Electron

We see that the MED values derived from the two potentials Transport in Solids

are very similar. The differences between thealues seem
to decrease with increasing emission angle and with increas- Calculated DCSs for atoms have been extensively used in
ing energy. The latter effect can be ascribed to the decreasirgimulations of electron transport in solids** as well as in
differences between transport cross sections in Au for théhe three examples discussed in Sec. 9. The electron energies
two potentials with increasing enerdgf. Fig. 24e)]. To  in these particular applications have typically been between
quantify the difference between the MEDs from the two po-100 eV and 25 keV although similar simulations have been
tentials, we calculate the percentage differericb, made for higher energies. The atomiggizta have been utilized
because calculated DCSs are avall for all elements
AD=100Drrp~Donr)/ Do (41 and a wide range of electron energies, whereas measured
whereD 1gp andD e are the MEDs determined using trans- DCSs exist for a very limited number of elements and ener-
port cross sections from the TFD and DHF potentials, regies(such as those presented in Sec).7.4
spectively. Values ofAD for the Auger-electron and photo-  We discuss here the validity of the atomic DCS data in
electron lines in Fig. 32 are plotted as a function of emissiordescriptions of electron transport in solids. The interaction
angle in Fig. 33. As one can see, the valuedAbf at normal  potential in a solid will clearly be different from that for a
emission vary from 4.3% at 70 eV to about 0.5% at 2016 eVfree atom. These differences are expected to have a consid-
and become smaller with increasing emission angle. Sincerable effect on the DCSs for “small-angle” scattering. For-
elastic-scattering effect@as judged by the value ab) are  tunately, for many problems of practical interest, the “large-
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TasLE 5. IMFP values for copper derived from the absolute EPES experi-glectron energies of 1 keV and above, there could be system-
Lo 120 . . ) )
ments of Dolinskiet al:~" that were calculated using DCSs obtained from atic errors at lower energies. Nevertheless, a |arge body of

the TFD potential {{'°) and the DHF potentialN>") at the indicated . 345117+, ; -
energies,E, from the measured elastic-backscattering probabilitigs, . “teraturé indicates that atomic DCSs have been suc

The percentage differences in the derived IMFRS, from Eq. (28) are  Cessfully used at these low energies for solids.
shown in the final column. The third column shows the IMFPs reported by As an example, we now examine the use of calculated

Dolinski et al., AEFS,_ from calibration curves obtained with DCSs com- atomic DCSs for the determination of IMFPs by the EPES
Fnuéf:m;rom a relativistic Hartree—Fock—Slater potential by Fink andmethod. As discussed in Sec. 9.2, IMFPs can be determined
from relative or absolute measurements of elastic-
E AFS AT ADHF AN backscattered intensities. The IMFPs obtained from relative
ev) ey A) A) A) (%0) measurements should not be affected appreciably by system-
250 0.0434 4.2 3.47 3.39 236  atic error in the calculated DCSs because, in effect, ratios of
500 0.0395 5.9 6.10 5.45 6.42  DCSs for two solids are employe@nless, of course, the
1000 0.0229 112 177 11.14 566  gystematic error in the DCS for one material was much
1500 0.0149 17.0 17.23 16.74 2.93

greater than the systematic error for the othér contrast,
IMFPs derived from absolute measurements will have sys-
tematic errors comparable to the systematic errors in the cor-

angle” scattering is generally more relevant than the smallfésponding DCSs. Comparisons of IMFPs from absolute
angle scattering. The atomic potential can be matched to BPES measurements with IMFPs calculated from experi-
muffin-tin potential for the corresponding solid or can beMental optical data for six elemental solisl, Si, Ni, Cu,
empirically truncated in the solitf® While the resulting po- A9, and Ay as a function of electron energy between 150 eV
tentials lead to substantial differences in the DCSs from th@nd 2 keV do not show clear trentfd For two element$Cu
atomic DCSs for small-angle scatterifgith the differences and Au, the IMFPs from the EPES measurements are lower
depending on E! there are often only small effects on pa- than the calculated IMFPs for energies less than 700 eV by
rameters such as transport cross sections, effective attenudR to about 40%; for Ag, however, the EPES IMFPs are
tion lengths(EALs), and backscattering factots*For ex-  larger than the calculated IMFPs by up to about 17% in the
ample, Berger and SeltZérreport that transport cross Same energy range. These results could possibly be due to
sections for solid Aucalculated with the Raif® method of systematic errors associated with the use of atomic DCSs for
potential truncationdiffer from those for atomic Au by less each solid. It is also possible that the results could be due to
than 0.1% for energies between 1 and 500 keV, while théandom errors associated with varying strengths of surface
similar differences in transport cross sections for Be are lesglectronic excitations for different experimental configura-
than 3.3% for the same energy range. Cumpson and*$eatfions and with changes of EPES intensities with different
show that the differences between EALs obtained from #urface roughnesse¥. The latter effects would be expected
TF/muffin-tin potential for 18 solid elements and those fromto become larger with decreasing electron energy, and would
the corresponding atomic relativistic HFS potentials could b more significant for more grazing angles of electron inci-
characterized by a standard deviation of 2.5% at 200 eV anééence or emission. Further experiments are clearly needed to
of 1.5% at 1 keV. Similarly, as shown in Sec. 9 and define the magnitudes of these effects and to clarify the mag-
elsewheré?® elastic-backscattering probabilities, IMFPs, nitude of any differences between IMFPs obtained from ab-
MEDs, and XPS signal intensities calculated for solids fromsolute EPES experiments and calculated IMFPs.
TFD and DHF or similar atomic potentials generally differ ~We point out that IMFPs calculated from experimental op-
by less than 10% and often less than 5%. These uncertaintigisal datd’ have been tested experimentally in at least three
are generally small compared to other sources of uncertaintpdependent ways. First, Seah al*?® analyzed the signal
in many applications. intensities of photoelectron and Auger-electron lines of some
We come now to an apparently more serious problem. Wé&0 elemental solids and found that these were consistent with
have shown in Sec. 7.4 that measured DCSs for Ar agrepredicted intensities within a standard uncertainty of about
well with DCSs calculated from the DHF potential for elec- 28% for lines with energies greater than 180 eV. Their com-
tron energies of 1 keV and above. Similar results have beeparison, based on data not only for IMFPs but also for exci-
found for He, Ne, Kr, and X&' At lower energies, however, tation cross sections and backscattering facttws AES),
there can be differencdaway from deep minimaof often  did not show energy-dependent systematic deviations for en-
up to a factor of 2 and occasionally by a larger factor, asergies less than 1 keV that could be associated with possible
shown in Figs. 17—-22. As noted in Sec. 7.4, these differencesnergy-dependent errors of the IMFP predictive equation
can be explained by the neglect of absorption and polarizTPP-2M? that was used in the analysis. Second, EALs de-
ability corrections in most DCS calculations. The eikonalrived from IMFPs have been extensively used for determina-
method takes these corrections into account, and improvetibn of overlayer-film thicknesses by AES and XPSom-
agreement is found between the resulting calculated DCSsuted EALs for SiQ, for example, agree within 10% with
for He and Ar and those measur&d. the average of those determined experimentafiyEinally,
Figures 17—22 suggest that while atomic DCSs calculate®undgren®® compared current—voltage curves from low-
from the DHF potential should be useful for applications atenergy electron diffraction experiments for the(Cil) sur-
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1.2 1.2

© Au4f
1169 eV

1.0 Fic. 32. Ratio of the mean escape
depth, D, from Egs.(31)—(38) to the
mean escape depth, calculated with
neglect of elastic scattering for two
0.8 1 photoelectron lines and two Auger-
electron lines in gold as a function of
the emission angleg: (solid line) D
obtained from transport cross sections
@) AUM NN calculated with the DHF potential;
s V67 67 (dashed ling D obtained from trans-

2016 eV port cross sections calculated with the
TFD potential: (a) AuN,VV Auger
1.0 electrons; (b) Au4s photoelectrons
excited by MgKea radiation; (c)
Au 4f,, photoelectrons excited by
Mg Ko radiation; and (d)
0.8 4 Au MgNgNgz Auger electrons.

1.2

T T T T v T T T v T T T T T T T
0 20 40 60 80 0 20 40 60 80
Emission angle a (deg) Emission angle o (deg)

face with calculated curves in which an energy-dependentalculated IMFPs for Al, Si, and Ge, while the reverse was
imaginary potential was used to represent the inelastic scatrue for Ni, Ag, and Au. There were no consistent systematic
tering. This imaginary potential was derived from Cu IMFPsdeviations as a function of electron energy, although it is
computed from experimental optical d&fd.There was ex- possible that any such deviations could have been masked by
cellent agreement in the widths of the diffraction peaks forvarying effects of surface excitations and surface roughness
energies between 40 and 190 eV. in individual experiments. A more recent analysis of IMFPs
We therefore conclude that the IMFPs determined fromfrom relative EPES experiments for 24 elemental solids has
absolute EPES experiments are unlikely to have a systematghown that the description of elastic-backscattered intensities
error of as much as a factor of 2 for electron energies beusing atomic DCSs is satisfactory for energies above about
tween 150 eV and 1 keV. While measured DCSs in this en200 eV
ergy range for the rare gases in Figs. 17—21 can deviate by Finally, we note that calculated angular distributions of
up to factor of 2 from DCSs calculated from the DHF poten-elastically backscattered electrons from Au surfa¢els-
tial, these computed DCSs seem to provide reliable IMFP$ined with atomic DCSs calculated from the TFD potetial
from absolute EPES experiments. It is possible that the dedeviated considerably from measured distributions for ener-
viations found in Figs. 17—21 for the rare gases might begies below 200 e¥® The calculated and measured energy
much larger than those for other atoms, although we do nalependencies of the elastic-backscattered intensity from Au
know of any reason to support this speculation. Neverthelessyithin the solid angle of a retarding-field analyzer are differ-
we point out that the deviations for Hg in Fig. 22 appear toent for energies below 300 éV.Similar effects have been
be less than those for the rare gases at similar energies. Vileund with other elementé:***We therefore conclude from
also suggest that the absorption correction to the DCSs calhese observations and the discussion of IMFPs obtained
culated from the DHF potential might be less for a solid thanfrom EPES measurements that DCSs calculated from atomic
the corresponding atom. Tanunea al'®! showed that the potentials appear to be at least empirically useful for simu-
total inelastic-scattering cross section in a solid can be muchations of electron transport in solids for electron energies
smaller, by a factor of up to about 4, than these cross sectiorebove about 300 eV. At lower energies, the simulations may
for the corresponding free atoms. As a result, the actugbrovide useful but more approximate guides. In addition,
DCSs in a solid at energies less than 1 keV might be closer tmeasurements that depend on ratios of atomic DE%sh as
the atomic DCSs obtained from the DHF potential than sugrelative EPES measurementsan give reliable resultésuch

gested by the comparisons of Figs. 17-22. as IMFP$ down to at least 200 eV.
We comment that IMFPs determined from both relative
and absolute EPES measurements agree with IMFPs calcu- 11. Summary

lated from experimental optical data for solid Al, Si, Ni, Cu,

Ge, Ag, and Au with an average mean deviation of 17.4% for We have analyzed calculations of DCSs by the relativistic
electron energies between 50 eV and 5 kE\Most of the  partial-wave expansion method from two commonly used
IMFPs from the EPES measurements were larger than theotentials for elastic scattering of electrons with energies be-
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tween 50 eV and 10 keV by neutral atoms. Calculated crosdifferent sources is the choice of approximation used for the
sections have been used for many applications because theychange interaction. We compared DCSs from two
are available for all elements and for a wide range of electronlatabase$*? in which the same DHF potential had been
energies, as indicated in Table 1; in contrast, DCSs havased(for H, Al, Ni, Ag, Au, and Cn) in the DCS calculations
been measured for a limited number of atoms and electrobut different procedures had been adopted for the exchange
energies. Different methods have been used for the crosserrection. Berger and Selt?éused the Riley and Truhl&ar
section calculation§Tables 1 and Rand, as a result, there approximation while Jablonskit al!? used the Furness and
are numerical differences in the cross-section data availablelcCarthy’* correction. These comparisons were made for
in different tabulations and database$’ We note here that electron energies of 1 and 10 keV. For elements and energies
an additional database is available on a web'$ftéut few  where there are no deep minima in the DCSs, the differences
details of the calculations are availabf@. between DCSs from the two databases are very small. For H,
We compared DCSs that were calculated from the TFDAI, Ni, and Ag, the differences generally do not exceed
and the DHF potentials; cross sections from the latter poter3.02% although larger differences occurred for scattering
tials are considered more accurate because these potentialsgles near 180°; for example, a deviation-60.28% was
were obtained from DHF electron densities computedound for H at 10 keV. For Au and Cm, differences of up to
self-consistently? These cross sections were obtained from—0.3% and +1%, respectively, were found at scattering
two NIST databases for which the TEband DHE? poten-  angles where there were deep minima in the DCSs. We con-
tials had been employed. Our comparisons were made for sidude that the exchange corrections of Riley and Truhlar and
elements spanning a wide range of atomic numigersAl, of Furness and McCarthy gave essentially equivalent results.
Ni, Ag, Au, and Cm and for electron energies of 100, 500, We also note that the magnitude of the exchange correction
1000, and 10000 eV because these energies were commondn the DCS can be substantial. The differences between
both databases. While the DCSs from the two potentials haBCSs for Ag, Au, and Cm at 1000 eV can exceed 35% while
similar shapes and magnitudes, pronounced deviafithas  differences between DCSs for H, Al, and Ni can be up to 5%.
could be as large as 7Q%occurred for small scattering The larger deviations occur at scattering angles where there
angles for Al, Ag, Au, and Cm. In addition, there were con-are deep minima in the DCSs.
siderable differences in the DCSs in the vicinity of scattering We compared calculated DCSs from the F£Bnd DHFE?
angles for which there were deep minima in the DCSs. Afpotentials with measured DCSs for six elemeits, Ne, Ar,
these angles, the differences could reach 400%, although Kir, Xe, and Hg at energies between 50 and 3000 eV. For
other angles the differences were typically less than 20%these elements, the measurements were relatively simple and
The deviations between the DCSs from the two potentialshere were generally two or more independent measurements
decrease with increasing electron energy. A slight oscillatoryavailable for the chosen electron energies. The consistency of
structure in the DCSs for H from the TFD potential wasthe measured DCSs is typically withinn25%, although
associated with truncation of the TFD potential at a relativelylarger deviations occur in some cases. For argon, the element
small radius. with the largest number of measurements, there is excellent
Another factor that could lead to differences in DCSs fromagreement between the measured DCSs at 2 and 3 keV and
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the corresponding calculated DCSs from both the TFD andFPs by EPES. IMFPs can be obtained from either relative or
DHF potentials. At lower energies, the measured DCSs gerabsolute EPES measurements. For relative EPES experi-
erally agree better with DCSs from the DHF potential thanments, we examined a “worst-case” example of a material,
those from the TFD potential, particularly in the positions configuration, and energy for which there was a deep mini-
and the magnitudes of the deep minima, although the meanum in the DCS(for a single elastic-scattering eveniVe
sured DCSs are smaller than the calculated DCSs at otheelected Au, a scattering angle of 155°, and electron energies
scattering angles. For other elements, the measured DC®$ 500 and 1000 eV for this example, as there is a deep
agree better with the DCSs from the DHF potential than theninimum in the DCS for Au at 500 eV close to this scatter-
TFD potential at the highest available energy; deviations being angle and there are appreciable differences in the DCSs
tween the measured DCSs and the DCSs from the DHF pGrom the TFD and DHF potentials; there were smaller differ-
tential typically become larger with decreasing electron enences at 1000 eV. We found that Au IMFPs derived from the
ergy, and can be as much as a factor of 2. There is also oftqise of DCSs from the TED potentiédnd use of a Ni refer-
better agreement between the measured DCSs and the DC§gce material and a hemispherical electron energy analyzer
from the DHF potential in the vicinity of deep minima. The \yith small angular acceptanceere 17.1% and 12.1% less
increasing differences between measured DCSs and thgan the IMFPs obtained using DCSs from the DHF potential
DCSs from the DHF potential generally found with decreas-y; 500 and 1000 eV, respectively. In another example, involv-
ing energy below 1 keV are believed to be due to the negleq;1g EPES measurements from an AuCu alloy, an Au refer-
of absorption effects in the calculational algorithm. For scat-ce material, an analyzer with a large angular acceptance,
tering angles less than about 25°, the measured DCSs at Q54 tour energies between 200 and 2000 eV, IMFPs with
ergies less than about 500 eV are larger than the DCSs fro-gg from the TED potential were about 6% larger than
the DHF potential, but the range of scattering angles wherg, J<o t5und using DCSs from the DHF potential at 200 and

positive deviations occur gets smaller with increasing eNnergsng ev: the differences at 1000 and 2000 eV were 3.26% and
These deviations are associated with the neglect of an atomiC 5o, respectively. For absolute EPES experiments, we

thIa“éab'“iy corre(;:nor; n t_rkl;_el_::alculatlt?[_ns. Conaderausln Of considered first the case of Au, measurements with an ana-
e absorption and polarizibility correctiogan appreciably lyzer of large angular acceptance, and energies of 500 and

R]v%reencr?\rgglsi):ecdaI:r';l:jagzIr::i?a?tse;o[;rgg?]\‘/;dHaeg;en?d)rgg:ot be- 1000 eV. IMFPs with DCSs from the TFD potential were
’ 0.0% and 1.31% less than those found with the DHF poten-

The transport cross_sectlon, obtained f“’?“ an mte_gral_o ial at energies of 500 and 1000 eV, respectively. In another
the DCS that emphasizes large-angle elastic scattering, is a . . :

o . . example involving Ni, an analyzer of large acceptance angle,
useful parameter in simulations of electron transport in sol-

ids. We have compared TCSs derived from DCSs calculate

from the TFD and DHF potentials for H, Al, Ni, Ag, Au, and )
: . HF potential were 2.36%, 6.42%, 5.66%, and 2.93% at
cm. F bove 200 eV, the largest diff b2 | ! ' ’ _
M. For energies above © © largest dimerences energies of 250, 500, 1000, and 1500 eV, respectively. In

tween the TCSs from the two potentials is for H where the .
deviation is about 20%. For Al, Ni, and Ag, the differences inthe_se four examples, the differences betwe(-?n IMFP.S found
TCSs are less than 5% for energies above 200 eV. For AHSN9 DCSs from the TFD and DHF potentials varied be-

and Cm, the differences can exceed 20% for energies |e§§/een 1.27% and 17.1%. We conclude that, for some mate-

than 1000 eV, but for higher energies the differences are legi/S: configurations, and electron energies, IMFPs derived
than 5%. For energies between 50 and 200 eV, the differifom EPES experiments and simulations with DCSs from the

ences are generally larger and can be up to 4@¥Ni at 50 DHF potential could differ significantly from those obtained
ev). using DCSs from the TFD potential; in other cases, the dif-
We have also examined the extent to which three quamif_erences would be comparable to the precision of the Monte

ties derived from DCSs varied depending on whether théarlo simulation. _ _
DCSs were obtained from the TFD or DHF potential. First, Third, we considered MEDs for the signal electrons in
we considered elastic-backscattered intensities from an oveffES and XPS. As an example, we determined MEDs for two
layer film on a surface. As an example, calculations werd®hotoelectron linegwith excitation by Mg« x rays and
made of the dependence of these intensities on film thickned¥0 Auger-electron lines of Au where the electron energies
for an Au film on a Ni substrate. Comparisons with two setsfange from 70 to 2016 eV. MEDs were calculated from a
of experimental data for slightly different configurations atformalism in which the TCS is the only parameter describing
two electron energie500 and 1000 e)/were inconclusive. the strength of elastic-electron scattering. Differences be-
For one configuration, the measured intensities at both enefween MEDs obtained from TCSs derived from the TFD and
gies agreed better with intensities calculated using DCSBHF potentials for normal electron emission varied between
from the TFD potential. For the other configuration, a similar4.3% at 70 eV and 0.5% at 2016 eV, and become smaller
result was found at 1000 eV while better agreement wasvith increasing emission angle. Since Au is an element for
found at 500 eV with intensities computed using DCSs fromwhich elastic-scattering effects are relatively strong, we con-
the DHF potential. clude that MEDs for signal electrons in AES and XPS will
Second, we considered the determination of electron IMhot change significantly if TCSs from the DHF potential

nd energies between 250 and 1500 eV, differences between
FPs found with the TFD potential and those from the
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