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On this line, the partial differential equation (A8)
becomes an ordinary first-order differential equa-
tion for Z{, if we consider x to be variable and
GA to be fixed. Interms of the variable x, =&’
then satisfies the differential equation (32).

To find = §°, we define the generating function

&u,v)= 2v' L u'N,,

1=0 r=1

(A12)

and make use of the symmetry relation (26) for
N, and its exception (24). We obtain
Zu,v)=u-v+g,u), (A13)

from which we obtain equation (385) relating
2@; G A) toZH(1-%; G; - ).

To relate diagrams contributing to Z,; with those
contributing to Z,,, we note that all single-loop
diagrams with ¢+ 1 pseudofermion lines can be
generated from all diagrams with ¢ lines as fol-
lows. We have already shown that any diagram
yielding a contribution — A(- x)" (1 - x)? (AG)"™**"}
gives rise to a set of diagrams of one higher or-
der by replacing either a right-going or left-going
line with both a right- and left-going line and in-
cluding an additional electron line. The sum of all
such diagraps can be generated by applying the
operator AGx(1-x)d /dx to the parent diagram.
Since each diagram of order ¢+ 1=7+1+1 can be
generated from a unique parent of order ¢ in this
way, the sum of all single-loop diagrams of order
t+1, which we denote by Z,,, is given by (36).
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Electron-Excited Auger-Electron Spectrum of a Ni(110)-c(2X2)S Surface: Line-Shape

Detailed analyses, such as line-shape considera-
tions, have constituted only a small percentage of
_the Auger-electron-spectroscopy (AES) literature.!

Analysis and Correlation with Ion-Neutralization Spectroscopy

E. N. Sickafus
Ford Motor Company, Scientific Research Staff, Dearborn, Michigan 48121
(Received 9 August 1972)

Electron-excited Auger-electron spectra of a Ni(110)-c(2X2)S surface are correlated with the
corresponding spectra obtained by ion-neutralization spectroscopy (data of Becker and Hagstrum). It is
found that the sulfur L,;VV line is characterized by a threshold at 159 eV, a width ~30 eV, and
major peaks at 146 and 135 eV. The same structural features are found in both types of spectra, but
different relative magnitudes of peak structure are observed. However, this difference may result in part
from a fundamental assumption regarding the transition density function that was invoked to facilitate
the comparison of the two types of spectra. The electron-excited spectroscopy yields information about
levels deeper in the band than does the ion-neutralization spectroscopy due to the use of lower-lying
core holes which provide relatively more potential energy for the Auger excitation. Calculations of
Auger line shape from simple density-of-states models reveal how each pair of peaks in the latter gives
rise to three peaks in the corresponding secondary-electron characteristic (Auger line shape) N(E), and
how the background can produce a peak in N(E).

This is an oversight of some consequence with re-
spect to optimizing the use of experimental data for
understanding the properties of surfaces. The sig-
nificance of the Auger line shape, relative to sur-
face characterization, was anticipated in the early

I. INTRODUCTION
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work of Lander.2 He demonstrated that the density
of electron states (DOS) at the surface is inherently
convolved into the Auger line shape for transitions
involving the valence band. This information has
been used effectively by Hagstrum and Becker?® in
the study of the electron environment of surface
atoms using ion-neutralization spectroscopy (INS).
The significance of line shape has been recognized
in some AES studies. *”"

It is the purpose in this paper to analyze the fine
structure in electron-excited Auger spectra of a
Ni(110)-c(2X 2)S surface and to demonstrate its
correlation with INS data. The analysis is based
on the mathematical statement of Auger line shape
given by Lander and uses simple DOS models to
predict significant characteristics of N(E) and of
dN/dE spectra. N(E) is the number of electrons
in the secondary emission having energy E. Cred-
ibility of the fine-structure analysis is based on a
detailed correlation with the INS data of Becker
and Hagstrum® for the same Ni(110)-c(2X2)S sur-
face structure.

The term fine structure will be used to refer to
Auger line shape in a region of the spectrum includ-
ing energies higher than and lower than a major
Auger peak., The extent of this region is taken to
be twice the occupied energy width of the electronic
band furnishing electrons for the major Auger peak
in question. The position of the major Auger peak
relative to its associated region of fine structure
is an a posteriori determination based on the spe-
cific character of the DOS.

Identification of peaks within the Auger fine struc-
ture has been reported in the literature by tech-
niques based on several points of view. These are
summarized in the introduction to Sec. II. In Sec.
III are model calculations of the fine structure de-
rived from simple models for the local density of
states. Specific details of the model calculations
of N(E) and dN/dE line shape from fabricated DOS
models are summarized in the Appendix. In Sec.
V are presented N(E) and dN/dE line-shape data
for the sulfur Auger peak characteristic of the elec-
tron-excited Auger spectrum of a Ni(110)-c(2X2)S
surface; experimental details are summarized in
Sec. IV. The corresponding spectra derived from

the INS data of Becker and Hagstrum are compared
with those of electron-excited AES in Sec. VI. The

paper concludes with summary remarks and ob-
servations in Sec. VII.

II. FINE-STRUCTURE IDENTIFICATION

Most peaks in dN/dE spectra of AES can be char-
acterized as having an easily recognized major
feature associated with less-pronounced fine struc-
ture. Customarily, this major feature is marked
on an energy scale and identified with tabulated
electron binding energies. We are concerned here
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with a proper interpretation of the major Auger
feature and the identification of the associated fine
structure occupying a region which can extend to
either side of the major Auger feature. The width
of the energy range containing the associated fine
structure is sufficient to include effects which have
been described in other papers, for other systems,
as resulting from certain specified phenomena.
These other descriptions are outlined briefly so as
to set a proper framework with which to understand
the emphasis of this work.

At least four approaches to the identification of
Auger fine structure are reported in the literature.
In one approach peaks in the region neighboring a
major peak are identified via correlation with tab-
ulated binding energies as commonly is done with
the major peak. This leads to a triplet notation of
atomic levels, one for the core hole and two for the
initial states of the two electrons (e.g., KLL,,
LM, 3M, 5, and other core-core-core transitions),
with which to characterize each peak. A spectro-
scopic term is appended [e.g., WXY (*Sy)] to des-
ignate the final state of the doubly ionized ion in
cases where LS coupling plays a more dominant
role than jj coupling. This approach has been used,
for example, in the case of Auger peaks occurring
16 eV apart for aluminum and within a span of 12
eV for tin,9 for peaks occurring 9 eV and 11 eV
apart for thallium and 20 eV apart for bismuth*®
(B-ray spectrometry), 20 eV apart for manganese'!
(electron-capture decdy of ®Fe), and for peaks 10
eV or less apart in spectra of scandium, titanium,
vanadium, iron, and cobalt, 2

A second approach to identification of Auger fine
structure is to consider peaks that occur in the near
low-energy region of a major Auger peak as result-
ing from characteristic energy losses experienced
by escaping electrons originally identified with the
major peak. This has been done, for example, in
the case of a 17 eV (plasmon) loss below an 87-eV
Si peak, *!* for a 14, 6-eV (plasmon and interband)
loss below the MM, sM, 5-MsM, ;M, 5 Cu doublet,®
and for an 11-eV loss on In associated with the
M;N;N; Auger transition (similar results were
found for Cd, Ag, Zn, Ti, and C spectra).!* A
deconvolution scheme has been developed for the
removal of characteristic loss effects as well as
instrument broadening effects. The method has
been applied to studies of In, CdS, and oxygen ad-
sorbate structures, and the results compared with
electron-spectroscopy-for-chemical-analysis
(ESCA) data,'®

In a third appraoch to Auger-fine-structure iden-
tification a characteristic energy gain is attributed
to escaping electrons originally belonging to the
major Auger transition. These show up in the spec-
trum in the near high-energy region of the major
peak in a fashion analogous to the characteristic
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losses previously described. Examples of this
type of identification are a gain doublet having a
mean energy at 7.5 eV above the mean energy of
the MM, sM, s-MsM, sM, 5 Cu doublet, ™ a gain
(plasmon) appearing in an Al spectrum at 82 eV
relative to the major peak (L, ;VV) occurring at
67 eV, " and the 103-eV peak in the silicon spec-
trum.® It has been suggested that an alternative
interpretation of “plasmon gains” might be based
on Auger transitions involving excited hole states
in the ion core, *°

The interpretation of Auger fine structure by the
fourth method emphasizes the inherent role of the
band structure of the substrate. Such analyses
have been used in studies of graphite single crys-
tals,* clean beryllium surfaces,® oxidized beryl-
lium surfaces, ® and the (111) surface of silicon.”
Reference to this type of interpretation is desig-
nated in a general fashion as, for example, }*'2°
KVV, LVV, etc., meaning core-band-band transi-
tions. Included here are the so-called “chemical-
shift” effects?'~ although they may not have in-
voked specific details of the band structure. This
rather general designation {VV is in fact an appro-
priate syllogistic label for Auger peaks that char-
acterize surface atoms, because electronic effects
unique to a surface atom, such as surface molec-

ular orbitals, are expected to be more pronounced
" among the valence-band electrons than the deeper-
lying core states.

As a conceptual model of the surface it is con-
venient to visualize three regions: the bulk, the
selvedge, and the vacuum. The selvedge is that
region of the surface where physical properties
have modified values relative to their bulk values.
It is generally considered that the selvedge is dis-
tinguished from the bulk by change in atomic ar-
rangement., In particular, the selvedge has one
less periodic dimension. The nature of a physical
property of the bulk, such as the electron density
of states, on passing through the selvedge varies
from values characteristic of the bulk to some
limiting value at the vacuum-selvedge interface (or
other characteristic position relative to the outer-
most ion-core potential wells). Inthe case of a
fractional monolayer of a different atomic species
being introduced at the surface of an otherwise
atomically clean substrate a new selvedge results.

It is assumed that the local density of states at
an atom (any species) in the selvedge is obtained
from the bulk density of states by weighting the
density of states for the bulk by the square of the
wave function at the local atom and then integrating
over the region of the local atom. The formation
of a new selvedge by the addition of a new atomic
species may be accompanied by changes in the lo-
cal density of states in the selvedge. Molecular
orbitals associated with bonding of the new atomic

species can cause enhancement of the local wave
function with consequential changes in the local
density of states.3®

In this paper interest is placed on correlating
Auger fine structure of ¢VV transitions with the
valence-band density of states and resonance effects
associated with surface molecular orbitals. Two
guiding principles are invoked in this analysis.
First, the kinetic energies of the observed Auger
electrons are related to core-level energies, the
occupied width of the valence banci, and the work
function of the surface. Second, the population
distribution in the observed Auger line shape is
related to band structure and associated resonance
effects via a convolution integral,

The kinetic energies of Auger electrons are de-
termined by three different electron energy levels.
Electron bombardment of a surface of a condensed
phase generates Auger transitions by ionization of
a core level ¢ leaving a hole that is filled by a “down
electron” from the level j and an accompanying en-
ergy dissipation via ejection of an “up electron”
from the level 2. The kinetic energy relative to
the vacuum level E;;, of the up electron is deter-
mined by the binding energies of the electron levels
i,j, and k according to

E;35=Ei(Z)-E;(Z) - E,(Z+1) , (1)

where Z is the atomic number. The (Z+1) of the
last term suggests an approximation to the appro-
priate binding energy. The role of the condensed
phase comes into play by providing a continuum of
band states for the j and & levels in ;VV-type tran-
sitions. Structure in the Auger line shape derives
from the fact that the observed electron population
with kinetic energy E;;, reflects differing transition
densities associated with different levels j and .
The range of this structure around a given Auger
peak is twice the occupied width of the band and
can amount to an energy region ~ 25-eV wide [in
N(E) and dN/dE spectra]. The energy-doubling
effect in the relationship between the occupied band-
width and the width of the Auger line is illustrated
in Figs. 1 and 2.

The role of the band structure in determining
the Auger line shape is given by the convolution
product of the density of states N(¢), shown orig-
inally by Lander,? as

N(g)=NE)*NE)= [§ N - AN + A)da
for
0=¢=¢,/2,
and (2)
N(g) = [§7 N - AN(E + A)dA
for 4
L/2=L=<¢,,
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where ¢ is the mean energy of the j and & states
within the band measured relative to the Fermi
level. The first integral covers the range of the
convolution variable A in the upper half of the band
while the second integral completes the range of A
to the bottom of the band ¢,; see Fig. 1. A type of
redundancy is inherent in the convolution product
N(Z) in that one of the functions in each of the in-
tegrands of Eq. (2) extends into the range of the
other integral for certain values of ¢; for example,
N(¢ +4) in the first integral extends into the range
of the second integral when ¢,/4 <¢ <¢,/2. This
convolution product is proportional to the internal
excited-electron distribution F.(E), where

E=|E, | -2 +9) ®)

and ¢ is the work function, provided that certain
simplifying assumptions are valid.?* These as-
sumptions are that the transition probability is in-
dependent of band energy ¢, initial-state % vector,
symmetry character of the band, and possible
many-body effects as well as final-state interac-
tions. The relation between F,(E) and the experi-
mentally observed Auger line shape depends.upon
the escape probability of the electrons P(E) (see
Fig. 2), an instrument function characterizing the
sensitivity and resolution of the detector, and scat-
tering phenomena during escape (e.g., character-
istic energy losses). Superposing structure from
neighboring (independent) spectral features may
add further complications to the observed line
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FIG. 1. Energy-level diagram showing the correspon-

dence between the local density of states DOS and the
Auger line shape N(E).
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FIG. 2. Secondary-emission spectrum showing the re-
lationship between the band structure and the emitted
Auger spectrum along with its attendant background due
to the secondary-electron cascade. The difference be-
tween the inside and outside secondary-electron distribu-
tions, shown mirrored in the abscissa, is due to the ef-
fect of escape probability.

shape. Surface specificity of the resulting Auger-
line-shape information is governed by how the es-
cape depth of the Auger electrons compares with
the depth to which the surface density of states is
different from the bulk density of states.

Hagstrum and Becker?* have used a deconvolu-
tion procedure governed by Eq. (2) to unfold INS
data so as to reveal what they term a transition
density U(¢). This is essentially the density of
states N(¢) if the stated simplifying assumptions
are valid. They have applied their analysis to the
INS spectrum of a Ni(110)-¢(2X2)S surface and
their results will be incorporated in this paper in
a later section.

Electron-excited Auger-electron spectra (EEAES)
and ion-neutralization spectra have the same fun-
damental dependence on the convolution product of
the DOS as given in Eq. (2). They differ, however,
in the following manner: (i) In INS the electronic
character of the surface region is probed by the
tunneling of a band electron to the probing ion (e.g.,
He'). The probing ion is a third body which does
not play a role in EEAES, (ii) The kinetic energy
of the incident ion contributes to a physical broad-
ening of the Auger process not present in EEAES,
(iii) The ionization energy of the probing gas limits
the depth to which the band can be examined; name-
ly, &max is one-half the ionization energy minus the
work function. This is, however, reasonably deep
being of the order of 10 eV below the vacuum level,
In EEAES the pétential exists to examine the full
extent of the band by concentrating on Auger transi-
tions to deep core states. This potential raises
another distinction based on the escape depth of the
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Auger electrons: (iv) Different Auger transitions
in EEAES and the characteristic Auger transition
of INS may reveal different apparent state densi-
ties because of differing energy dependence of the
escape depth. For example, EEAES can detect the
local DOS at ion cores buried in the selvedge (and
perhaps the bulk) when sufficient energy is provided
to the Auger electrons to permit their escape from
the solid. (v) The matrix elements describing the
transition probabilities may incorporate different
contributions from the same electron wave function
due to relative differences in atomic location of the
Auger events. In EEAES it is the position of the
adsorbate-ion core that determines the significant
part of the wave function while in INS it is the (var-
iable) position of the probing-ion core that is the
determining factor. The latter is more remote
from the surface than is the former.

The above discussion has demonstrated that a
variety of cause and effect relationships have been
invoked to understand Auger line shapes. In prin-
ciple, it is to be expected that core-core-core
transitions should yield less complex Auger line
shapes, by comparison, than core-band-band tran-
sitions. However, the latter lead to line shapes
having explicit information about the electronic
modifications of a surface (and atoms) that accom-
pany accommodation of a surface atom. It is this
information about the electronic character of a sur-
face that is desired and therefore a proper consid-
eration of line-shape characteristics is needed. We
will first examine model calculations in order to
identify simple characteristics.

1II. MODEL CALCULATIONS

Before attempting to identify fine-structure fea-
tures in a particular segment of an Auger-electron
spectrum it will be useful to consider some general
properties of the convolution square of elementary
functions. Thus from simple models for DOS func-
tions it can be seen how peaks arise in N(E) and
dN/dE curves, how many peaks are to be expected,
and whether the peaks in the dN/dE curves are re-
lated directly to peaks in the DOS, to the back-
ground in the DOS, or to both.

A peaked function # will be constructed from a
nonpeaked background b (background in this context
refers to a slowly varying, unstructured contribu-
tion to #) and a series of independent peaks p; ac-
cording to

u=b+Z_)pi . (4)

1
The convolution square of Eq. (4) # xu, and its de-
rivative u’ xu [note that u’ xu= (uxu)'] will be ex-
amined for various cases where b is zero, a con-
stant, and a linear function, and where the p; are
normalized Gaussian functions. Hagstrum and
Becker?* have discussed the case of b=1 with one
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Gaussian-like peak and have related the analysis
to the problem of unfolding INS data to obtain an
appropriate transition density function. Here the
scope of the analysis has been extended and DOS
functions have been modeled with two Gaussian
peaks, a variable background, and a finite (occupied)
bandwidth, to show how new peaks arise in the N(E)
curve and how their structure may dominate in
dN/dE curves.

The convolution square of Eq. (4) has the form
shown in Eq. (5):

u*u=b*b+2b*2p,~+2pi*pj. (5)
i i,

Its properties for normalized Gaussian peaks can
be summarized as follows [in all cases u(¢)=0 if
£<0org >gy:

A. b=0 (no background): (i) The first two terms
of Eq. (5) vanish, (ii) » Gaussian peaks p; in u
yield n(n+1)/2 Gaussian peaks in u *u via the third
term of Eq. (5). (iii) If p; has width w; then p; xp;
will have width w;;= V2 w;. In general w;;= w?
+w?)Y2, I p; and p; have centroids x; and x;, re-
spectively, p; xp; has its centroid at the arithmetic
mean (x; +%;)/2. (v) There are n(n—1)/2 peaks
situated at the arithmetic mean of each pair of
peaks in a set n. Hence each pair of peaks in the
band produces a new peak in the N(E) spectrum.
(vi) The maximum value of p; xp; is the product of
their individual areas, A;4;, (vii) The double sum-
mation 2ij produces aterm 2p; *p; (for i #§)in u xu.
This yields a peak that can be twice as large as
pixp; or p;xp;, in cases where the area under p;
approaches that under p; .

B. b=b5 (constant background): (i) b*b is an
isosceles triangle, Thus, the first term of Eq. (5)
contributes a peak to #xu#. (ii) The maximum val-
ue of bxb is b?. (iii) 2b xp; is a Gaussian step cen-
tered at the centroid of p;. The step height asymp-
totically approaches 2bA;, where A; is the area of
Ds.

C. b=>5¢ (linear background): (i) bxb is a cubic
term that produces a well-defined peak. (ii) The
maximum value of b xb is % (V2 -1)b%3, where ¢,
is the width of the band. (iii) The peak of b *b oc-
curs at £,/V2. (iv) 2bxp; is the sum of three
terms: a constant plus a Gaussian, whose width
is equal to that of p; and whose centroid in the N(E)
spectrum is equal to the centroid of p; in the band,
plus a Gaussian step multiplied by a linear term.

Most of the features described are illustrated in
the model calculation shown in Figs. 3-6. The
calculations are summarized in the Appendix.

In Figs. 3-6 two sets of three graphs are shown.
The left most graph of a set represents « (the mod-
el DOS) displayed on an arbitrary energy scale hav-
ing ten equal units increasing in order from the
Fermi level at the right-hand end of the scale
(marked 0). The center graph is the corresponding
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FIG. 3. Model calculations of », » xu, and ' xu, for a FIG. 5. Model calculation of u, #*u, and » ' *u, for

two-peak density-of-states function. (a) Two Gaussian
peaks of equal height and width without a background.
(b) The same two Gaussians as in (a) with a constant
background of ~17% of a Gaussian peak height.

u xu curve, the model N(E) calculated from Eq.
(2). It has twenty equal energy units as a result of
the energy-doubling effect of the two—e_lectron Auger

u usu u'% u
a.
[NERN NS NN} SN NN NN SRS NE NN
10 o 20 10 o] 20 po 0
A= 1.0 AL=0.20
B= 9.0 BL=0.20
M= 0.00 P=1.00 b b
b. b, ,
\ b*b b b '
b b
10 0 20 10 ] 20| 0

A= 1.0 AL=0.20
= 9.0 BL=0.20
M= 0.10 P=0.00

FIG. 4. Model calculations of u, » *u, and ' *u, for
a two-peak density-of-states function. (a) The same two
Gaussian as in Fig., 3(a) with a constant background of
~50% of a Gaussian peak height. (b) The two Gaussian
peaks of (a) with a linear background.

a single~-peak density-of-states function. (a) One Gauss-
ian peak with no background but positioned so close to
the threshold as to be truncated. (b) A narrow Gaussian
peak having the same location as in (a) and with a constant
background.

transition. The right most graph is #’ x» (the mod-
el energy derivative dN/dE) corresponding to the
center graph, The parameters used in the calcula-
tions are A, the centroid of a normalized Gaussian
of width AL/¥'2, B and BL, analogous values of a
second normalized Gaussian, M, the slope of the
background, and P, its intercept at 10 on the ab-
scissa,

In Fig. 3(a) two equal Gaussians are positioned at
1 and 9 with no background. Their individual con-
volution squares appear at 2 and 18 in # *x and
#' xu along with their convolution product at 10 [see
paragraph A(iv)]. For the case of two equal Gauss-
ians their convolution product is a larger peak in
the spectrum than is either of their convolution
squares [A(vii)]. It should be noted that in this
idealized situation of sharp energy levels within the
DOS the resulting N(E) spectral lines have a clear
interpretation. The lines that result from the con-

“volution square of a sharp energy. level in the DOS

represent possible Auger transitions in which both
the down and up electrons originate in this energy
level. The line resulting from the convolution prod-
uct of two sharp levels would represent transitions
in which one of the two electrons (either one) orig-
inated in one level and the second electron origi-
nated in the other level.

In Figs. 3(b), 4(a), and 4(b) the effects of adding
a background to the model DOS are illustrated: A
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FIG. 6. Model calculations of u, » *u, and »’ xu for
a two-peak density-of-states function consisting of two
broad Gaussian peaks one of which is truncated at the
threshold of #: (a) linear background, (b) linear back-
ground larger than in (a) having the same slope but lar-
ger intercept, and (c) constant background having the
same intercept as in (a) but different slope.

constant [3(b), 4(a)] and linear [4(b)] background
are considered. Recall that, as shown by Egs.
(4) and (5), if » is composed of multiple terms then
structural features of the spectrum (u *xu) arise by

" summation of the convolution of the various terms.
Hence the features of Fig. 3(a) are evidenced in
3(b), 4(a), and 4(b). It can be seen that a constant
background in # produces a broad triangular peak
in the corresponding spectrum u x%. A linear
background in # generates a cubic background in
u*u and has a corresponding peak that is relatively
narrow, Thus we see that peaks can arise in the
spectrum u xu that are not due to maxima in the
DOS but are due to the nature of the Auger trans-
form (a consequence of the available phase space).
Furthermore, these peaks obviously have no simple
interpretation regarding assignment of energy lev-
els to Auger transitions. At each energy value 2¢
within the spectrum all accessible levels ¢ within

the band are mixed by the down and up transitions
according to Eq. (2).

Although the background peak is the dominant fea-
ture in the spectrum of Fig. 4(b) it is not so pro-
nounced in the corresponding derivative spectrum
(shown to the right). However, if the narrow-line
features were “washed out ” (e.g., by poor instru-
ment resolution) only the background would remain
and would be characterized by an asymmetric nega-
tive maximum in dN/dE. ¥ such spectra were de-
tected experimentally with an analyzer of finite
resolution relatively narrow features might not be
resolved and the characteristics of the observed
spectrum might only relate to DOS background in-
formation. The general asymmetry of the back-
ground in u’ xu of Fig. 4(b) is somewhat analogous
to the characteristic asymmetry of a typical carbon
peak in the AES.

The u function of Figs. 3(b), 4(a), and 4(b) have
in common nonvanishing backgrounds. As a result
of the finite backgrounds their corresponding u” xu
curves have a similar negative peak near 1 (and
positive peak near 9) on their energy scales. These
peaks result from the convolution product of the
constant background with a Gaussian peak as labeled
in Fig. 3. I the Gaussian has its centroid at £=a
in # and b is a constant then their convolution prod-
uct will have its maximum at n=a in ' xu,

In Fig. 5 a single-peak u function is illustrated
with and without a background and having two dif-
ferent Gaussian peak widths. The wider peak is
shown in Fig. 5(a) with no background but positioned
so close to the band threshold that the function be-
comes truncated. This results in a slightly trun-
cated Gaussian in # x# and a truncated Gaussian de-
rivative in #’ xu. When the peak is made more
narrow so as not to become truncated at the band
edge and a background is added [see Fig. 5(b)] then
both the derivative of the peak and the derivative
of the peak-background convolution product are ap-
parent in ' xu.

Some effects associated with changes in back-
ground structure are illustrated in Fig. 6. Two
fixed Gaussian peaks are shown in Figs. 6(a), 6(b),
and 6(c) superimposed on backgrounds having the
same slopes but different intercepts [6(a) and 6(b)]
and having the same intercepts but different slopes
[6(a) and 6(c)]. The total amount of background
(i.e., the area under b)is least in 6(c) and increases
in 6(a) and 6(b), in that order. The first increase
in total background [6(c)-6(a)] reduces the relative
magnitude of the prominent central peak in z’*u.
Additional decrease in resolution (relative peak-to-
valley separation) is seen between 6(a) and 6(b).

1IV. EXPERIMENTAL TECHNIQUE

Details of specimen preparation have been pub-
lished earlier®® and are only briefly summarized
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here. A single crystal of high-purity nickel was
mounted in an ultrahigh vacuum system (UHV) with
a (110) surface positioned at the center of a four-
grid, low-energy-electron-diffraction (LEED) sys-
tem. The specimen was heated indirectly by con-
duction from a tantalum foil to which it was loosely
clamped and which was, in turn, heated directly
with a dc current. Surface cleaning was done in
situ by alternate heating and argon-ion-bombard-
ment treatments. The desired sulfur adlayer struc-
ture was obtained by annealing the specimen at
temperatures in excess of 550 °C which caused sur-
face segregation of sulfur.

Evaluation of the surface condition at various
stages of its preparation was done using LEED,
EEAES, and secondary-electron-cascade analyses2®
All of these studies were performed using the same
spherical-grid retarding-potential analyzer. In a
similar UHV system a second Ni(110) specimen
was examined under the same surface conditions.??
Both systems used spherical-grid (four-grid) re-
tarding-potential analyzers but had different ana-
lyzer apertures. The former had an aperture sub-
tending 90° while that of the latter was 120°,
Studies in the second system emphasized character-
istic electron-energy-loss measurements., Auger
line shapes in spectra obtained from these two sys-
tems display the same features.

AES data obtained in the first system involved
both N(E) and dN/dE spectra of the sulfur Auger
peak. These spectra were obtained without the
presence of a secondary-electron-cascade back-
ground, The background was removed at the sig-
nal source by application of an appropriate analog
signal designed for this purpose.?® The N(E) and
dN/dE data, without background, are shown in Figs.
7 and 10 (solid-line curves in Fig. 10). The N(E)
data were obtained using 2.4-V p-p (Fig. 7) and
0.5-V p-p modulation (Fig. 10) while the dN/dE
data were obtained using 3. 6-V p-p modulation.

In both cases an off-axis electron gun was used to
produce a 3-keV primary beam at an incident angle
of ~75° with respect to the surface normal. The
beam current was 5 pA while the specimen current
was 3 pA. All spectra were taken with the speci-
men maintained at a constant temperature of 300 °C.
Specimen temperature was controlled with a closed-
loop analog control circuit that derived its error
signal from a thermocouple inserted in a small hole
in the specimen.

V. SULFUR AUGER LINE SHAPE

The Auger-electron spectrum spanning the ener-
gy range of 80—180 eV for a Ni(110)-c(2X2)S sel-
vedge is shown in Fig. 7. Both the N(E) and
dN/dE spectra are shown,

The N(E) spectrum shows three well-defined
peaks: a major peak at 146 eV, a well-defined
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FIG. 7. Electron-excited Auger-electron spectra of a
Ni(110)-c(@ x 2)S surface. The secondary-electron cas-
cade background has been removed at the signal source.
The dN/dE spectrum was made at a different modulation
amplitude than was the N(E) spectrum., Binding energies

" are given relative to the Fermi level (see Ref. 28).

peak at 100 eV, and a small peak at 135 eV, on the
low-energy tail of the major peak. The first two
peaks are identified as follows. Tabulated binding
energies®® relative to the Fermi level—'%S: L, ,,
164.8+0.7 eV; 2°Ni: M,, 111.8+0.6 eV, M,,,,
68.1+0.4 eV, M, 5, 3.6+0.4 eV—are combined
with work function values®

¢(Ni(110)-clean)=4.7 eV,
o(Ni(110)-c(2X2)8)=5.3 eV

to obtain threshold values for the Auger lines in
L,,3 VV and M,VV transitions according to Eq. (3):

S, E(L,,3VV)=159.5 eV;
Ni, E(M,VV)=106.5 eV.

Before comparing these values with the data it
should be noted that the energy scale in Yig. 7 (and
Fig. 10) has not been corrected for the contact po-
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tential between the specimen and the retarding grid.
This could amount to an error of the order of 1 V
(e.8., Peria— Pspecimen™4.5—5.3= =0.8 V), with
the recorded energy values being shown as too
large by this magnitude. The work function of the
retarding-potential grid (tungsten mesh) was not
measured and therefore the contact potential is not
known,

As shown in Fig. 7, the observed threshold for
the sulfur Auger line is 159 eV, which is within the
experimental error of the calculated value of 159.5
eV for an L, 3VV transition. From this threshold
the sulfur Auger line should extend 2¢, to lower
energies. Since the band is at least 11 eV wide
(Fig. 8) the peak at 135 eV is taken to be a part of
the Auger line shape associated with the L, ;VV
transition. The data shown in Fig. 7 in fact are
evidence that the band is broader than 11 eV and
may be more nearly ~15 eV in width. A bandwidth
of this magnitude for nickel is also suggested from
theoretical considerations,?®

The peak shown at 100 eV in Fig. 7 has an ob-
served threshold of 106 eV which compares with
the calculated value of 106.5 eV, This peak is due
to an M;VV transition. Note the systematic error
of ~1 eV in the observed and calculated threshold
values for the S peak and the Ni peak. The thresh-
old is a useful reference for distinguishing iVV
Auger peaks.

The line shape of the 100-eV peak suggests that
the 100-eV peak may be governed by transition den-

INS DATA OF HAGSTRUM 8 BECKER

Ni(110)

(2]

1
2x2)S/\ °
/.\

1 1 1 1 1 1o
12 10 8 6 4 2 (o)

;(eV)

FIG. 8. Unfold function U(¢) from ion-neutralization
data for a Ni(110) and Ni(110)-c(2 X 2)S surface: (a) clean
Ni(110) surface, (b) sulfur adlayer in the c¢(2X 2) struc-
ture. (These curves are presented here through the
courtesy of Dr. Becker and Dr. Hagstrum).
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sity functions similar to the 146-eV peak. Note the
similarity between the low-energy tail of the 100-eV
peak and that of the 146-eV peak. Both peaks have
a low-energy peak lying at 11-eV lower energy and
having approximately one third the principal peak
height. Compare the peak at 89 eV with the 100-eV
peak and the peak at 135 eV with the 146-eV peak.

The dN/dE data in Fig, 7 show a major peak
which is typically identified as the sulfur Auger
peak in the more common AES analyses. The max-
imum excursion of the negative-going part of this
peak is the customary point for marking the char-
acteristic energy. It is seen that two additional
features are apparent in the dN/dE curve both of
which lie to the high-energy side of the negative
maximum. They are labeled A’ at 157 eV and B’
at 154 eV. On comparison with the N(E) data it is
clear that they belong with the fine structure of the
N(E) sulfur Auger peak, It will be shown that they
can be correlated with structure in the transition
density function.

The 135-eV peak in N(E) is 11 eV lower in energy
than the predominant peak at 146 eV, A character-
istic energy loss of 11 eV has been reported for a
Ni(110)-c(2%2) 8 surface.®® However, this char-
acteristic loss is not detectable in N(E) loss spec-
tra?” and requires the advantage of dN/dE spec-
troscopy to be made evident. It is one of several
characteristic losses occurring in the range 5-15
eV below the elastic peak.2” The peak height of all
of these characteristic losses would together only
total a few percent of the elastic peak. Whereas,
the 135-eV peak seen in Fig. 7 is 32% as large as
the 146-eV peak. Consequently, the 135-eV peak
is not interpreted to be a characteristic energy-
loss peak associated with the 146-eV peak. As will
be seen in the Sec. VI, it is a natural consequence
of the properties of the DOS and the line-shape con-
volution.

The width of the sulfur L, ;VV peak in N(E) and
the extended low-energy tail may be due in part to
instrument broadening resulting from the modula-
tion amplitude. The N(E) spectrum in Fig, 7 was
obtained with 2.4-V p-p modulation, This curve
can be compared with one taken at lower modula-
tion, 0.5-V p-p, as shown in Fig, 10. The latter
curve reveals a narrower peak at 146 eV as well as
a high-energy shoulder whose derivative shows up
clearly in the dN/dE spectra (labeled B’).

VI. CORRELATION OF EEAES AND INS DATA

It is important to note that in this section a fun-
damental assumption is made regarding the U(¢)
function from INS. In the previous sections of this
paper the discussion is based, a priori, on a con-
ceptional view of an occupied density of states of
finite width, From this, one constructs convolu-
tion integrals, as shown in Eq. (2), having explicit
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limits which reflect the characteristic width param-
eters of the (occupied) DOS. However, a different
point of view is used when considering the U(¢) data
of INS and its comparison with the EEAES data, A
U(¢) function was derived by Becker and Hagstrum
from their F(¢) data using the first integral of Eq.
(2). Inthe process of digital-sequential unfolding
the starting point corresponds to the Fermi level
but the end point is unidentified, lying somewhere
within the band not at the band limit ¢,. The region
lying between the terminal point of U(¢)and ¢, is

not available from INS data. In lieu of this infor-
mation, a fundamental assumption is made herein
prior to folding U(Z) for the purpose of comparison
with EEAES data; namely, U(¢)=0 for ¢ greater
than the terminal point of the INS U(¢), i.e., £
Using this truncation assumption it becomes possi-
ble to calculate an approximation to F(¢) in the re-
‘gion ¢,/2< ¢=¢, from Eq. (2) as a result of the
inherent redundancy that characterizes convolution
integrals such as those of Eq. (2). The conse-
quences of this assumption will be pointed out in the
ensuing discussion,

The transition-probability-density spectra Ul (;)
deduced from INS data for Ni(110)-clean and
Ni(110)-c(2X2) S surfaces are shown in Fig. 8.
These spectra are the result of unfolding INS data
which have been corrected for kinetic-energy-
broadening effects and escape-probability effects.®
The U(¢) curves for a clean Ni(110) surface are
characterized by a predominant d band peaked at
1 eV below the Fermi level, as shown in the upper
curve of Fig. 8. When sulfur is adsorbed in a
¢(2X2)8 structure the U(¢) spectrum acquires two
resonance peaks indicative of molecular-orbital
structure. A large peak appears near 5 eV and a
small peak near 10 eV below the Fermi level, while
the residual d band appears to be broadened and
shifted to a peak near 0.5 eV below the Fermi lev-
el (lower curve in Fig. 8).

In order to compare these U(¢) INS data with elec-
tron-excited AES data they were convolved and dif-
ferentiated in accordance with Eq. (2) and the trun-
cation assumption just described. They were not
corrected for escape-probability effects, because
these effects are constant in the energy region of
the sulfur Auger peak, and kinetic-energy broaden-
ing does not enter into consideration. The results
are shown in Fig. 9. They can be compared with
the sulfur L, ;VV AES curves of Fig. 7, U* U with
N(E) and U’ * U with dN/dE. Both sets of curves
have well-defined peaks and corresponding curves
appear to have similar structure. The dashed-line
portion of the U* U curve, 11 <1 <22 eV, represents
results of these calculations not displayed in the
original F(Z) curve of Becker and Hagstrum.

A detailed comparison of the two sets of curves
is difficult until they are superimposed on the same
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FIG. 9. Ux*U and U’ x U curves calculated from U,
as shown in Fig. 8, of ion-neutralization spectroscopy
data for a Ni(110)-c(2 X 2)S spectrum. The dashed-line
portions of the curves are regions not displayed in the
original F(£) data (see text).

energy scales. This has been done in Fig, 10
where the zero of energy onthe U*U and U’ * U
curves has been placed at 159 eV (the Auger-line-
shape threshold).

The agreement between the N(E) and the U* U
curves is obvious: Compare the peaks E to e and
the peaks at ¢ as well as the overlap of the thresh-
~olds and general conformity of line shape. A slight
displacement of peak heights at ¢ was introduced to
permit comparison of the peak shape. This dis-
placement tends to exaggerate the misfit of the
curves in the region b-B,

"~ Agreement of dN/dE and U’ * U curves is less
striking. However, this is not surprising in view
of the use of differentiation of spectra to bring out
subtle differences. Consequently, larger differ-
ences become increasingly exaggerated., Note the
distinct difference in the relative magnitudes of B’
with respect to C’ and of b’ with respect to c’.
Without superimposing the spectra it would be easy
to confuse C’ of dN/dE with b’ of U’ xU., This ef-
fect points out a weakness in the practice of assign-
ing characteristic energy values to the position of
the most negative excursion of dN/dE, As already
shown a better choice of reference might be the
threshold of the Auger line.

In view of the above correlation of structural fea-
tures in N(E) and Ux U it is believed that both
curves are the result of similar DOS functions.
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SULFUR AUGER PEAK
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FIG. 10, Comparison of N(E) with Ux U and dN/dE
with U’ x U curves of Figs. 7 and 9. The N(E) and U* U
curves have been positioned for coincidence of their maxi~
ma, The U’ x U curve is shifted in energy with respect
to the dN/dE curve by ~1 eV from the relative position
used for N(E) and UxU.

That is, the local density of states observed in
EEAES on a Ni(110)-¢(2X2)S surface has the same
structural features as the local density of states
that is observed in INS on a similar surface, Their
difference can be interpreted as a matter of degree;
that is, the same structural features characterize
the two DOS functions but the relative peak ampli-
tudes differ (part of this difference results from the
truncation assumption as described later in this
section). Therefore, it is instructive to compare
the INS U(¢) curve in Fig. 8 with the EEAES N(E)
curve in Fig., 7 and invoke the findings of the model
calculations in Sec. III to effect this comparison.

Let the U(£) curve of Fig. 8 be represented sim-
ply as the sum of three broad peaks which will be
labeled d, 7;, and 7,. They have approximate lo-
cations of 7, ~5 eV, d~0.5 eV, and 7,~10 eV, and
relative peak heights that decrease in the same or-
der. According to the model calculations, these
three peaks will produce three peaks in N(E) via
their convolution squares at the positions

Ulry) «Ulry) =Ry, at 10 eV,
Ud)*xUld)=D at 1 eV, (6)
U(’Vz) * U('Vz) = Rzg at 20 eV,

while their convolution products will produce peaks

N. SICKAFUS
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in N(E) at
U(r,)*U(d)=R,D at 5,5 eV,
Ulr,) «Ulr,) =Ry, at 15 eV, (7)

U(d)* U(ry)=DR, at 10.5 eV.

Consequently N(E) can be expected to consist of
‘principal features occurring near 1, 5, 10, 15, and
20 eV. Inthis manner it may be reasonable to as-
sociate these convolution effects with the features
labeled A, B, C, D, and E in Fig. 10 (and in that
order), However, it can, at most, be said that a
large part of the information in any one of these
features arises from the corresponding convolution
effects.. There are also background effects and
peak-width effects to be added to each of the con-
volution terms of Egs. (6) and (7) to approximate
the observed line shape.

In order to appreciate the role of peak-width ef-
fects consider the most predominant feature in
N(E), namely, the local maximum at 7=9.5 eV,
The contributions of the DOS function to this par-
ticular element of the N(E) spectrum is, from Eq.

(2),
N@4.75)= [} N(4.75- AN@4.75+4)da,  (8)

1t is evident from Eq. (8) that almost the entire
DOS function contributes to N(4.75). The first
term of the integrand spans most of the upper half
of the 7, peak, plus the d peak, and all of the inter-
vening background. The second term within the
integrand covers all of the remaining 7; peak and
some of the leading edge of the 7, peak, Thus the
results of Eqgs. (6) and (7) reveal only a part of the
significance of a given element of line shape,

Owing to the pronounced narrow peak at 9.5 eV
in N(E), the dN/dE curve is dominated by the de-
rivative of this peak. However, the fine structure
lying both to the high- and low-energy sides of this
peak in dN/dE is no less significant, According to
Fig. (10) the spectra appear to contain significant
information in a range of up to 10 eV to the high-
energy side and up to ~ 20 eV to the low-energy side
of this main peak.

The comparison of these data from two spectro-
scopies also should be expected to display differ-
ences associated with the properties that character-
ize the spectroscopies. For example, the electrons
that yield the sulfur spectrum in EEAES have an
average energy of ~ 145 eV while the corresponding
spectrum in INS derives from electrons having en-
ergies that are lower by a factor of 10 or more.
Therefore it might be expected that these two groups
of electrons could have originated at different depths
within the selvedge and consequently reflect differ-
ent averages of local densities of states. The strong
correlation of the two spectra, in spite of this ba-
sic difference in the two spectroscopies, is indic-
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ative that the surface region being analyzed is thin
enough and sufficiently close to the free-space in-
terface to cause no appreciable attenuation effects.
Hence it is concluded that EEAES and INS are sur-
face selective in similar fashions, On the other
hand, attenuation effects may not be as different in
the two spectroscopies as the difference in Auger-
electron energies between them. This follows
from the expectation that the electron mean free
path may pass through a minimum at some inter-
mediate energy. 3!

The lower relative intensity of the structure on
the high-energy side of the N(E) maximum in the
AES spectrum (i.e., the peak labeled B in Fig. 10)
is interpreted as due to either a larger 7, peak or
a smaller d peak than noted with INS, It is not ob-
vious why these differences should occur. One
plausible reason might be, as already explained,
the possible difference in local density of states
that could be sampled by the two techniques., How-
ever, if this were true, it would be natural to ex-
pect the higher-energy electrons of the EEAES to
originate from a broader range of surface thick-
ness and possibly to include sulfur atoms essen-
tially in the bulk., They should be expected, there-
fore, to show more nearly bulk properties: a
smaller 7, peak and a relatively larger d peak as
compared with the INS data (see Fig. 8). Another
possible explanation of the difference is that the
surfaces examined by the two independent tech-
niques may have important differences, such as,
the absolute sulfur coverage in the Ni(110)-c(2X2)8
structure. It should be noted that the c(2X2)S
structure was produced by different techniques:

In this work the nickel specimen was simply heated
to produce the sulfur surface structure (presumably
by diffusion of sulfur from the bulk),?* Whereas

in the INS work H,S was dissociated on the speci-
men surface, 3'®

Differences in sulfur coverage between the ex-
periment that generated the EEAES data and the one
yielding the INS data were probably not too great
and may even be too small to be detected except by
a comparison such as presented here. The reason
is evident in the difference between the N(E) and
UxU curves in Fig. 10 in the region between B and
C. Effects due to the INS limit {,, are not yet
present in this region of the U* U curve, Thus we
can consider the significance of the difference in
magnitudes of the curves if it is all attributed to
dissimilar sulfur coverage. First, note that in
Fig. 10 the difference between N(E) and Ux U at C
is slightly exaggerated because the curves are not
superimposed at C. The remaining difference in
magnitude between the curves cannot be considered
to be a large effect when it is noted that these curves
are the convolution of DOS functions in which small
changes in DOS peak height, peak width, or back-
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ground result in significant alterations in the final
convolution,

The difference in magnitude between N(E) and
U*U in the region 11 = 7= 22 and the correlation
of peaks E and e (see Fig. 10) in this region are
related to the U-truncation assumption. The more
rapid falloff of the calculated U x U relative to N(E)
is due in part to this assumption, That is, by forc-
ing U to be zero in a region where it may be finite
produces a smaller magnitude fold function in the
range of the fold affected by the truncation. This
diminution effect is greatest at =22 eV and least
at 7=11 eV. On the other hand, the correlation of
peaks E and e at the same energy is evidence that
the truncation assumption has not eradicated all
meaningful information in this range, a consequence
of the natural redundancy inherent in convolution
integrals and evidence that the truncation assump-
tion is rot too far from reality.

VIL. CONCLUSIONS

It has been shown that electron-excited Auger-
electron spectra correlate with ion-neutralization
spectra for the Ni(110)-c(2X2)S surface. The cor-
relation was demonstrated with respect to fine-
structure features in dN/dE curves of EEAES and
truncated, folded, and differentiated transition-
probability spectra of INS. This correlation is em-
pirical evidence that both spectroscopies are sur-
face selective in similar fashions, %

This experiment demonstrates a considerable
gain in useful information from AES by the expedi-
ent removal of the secondary-electron-cascade
background so that a direct analysis of N(E) data
obtains.

The onset of the Auger line belonging to an L, 3VV
transition between the sulfur core state and Ni(110)-
¢(2%X2)S band states and to an M,VV transition be-
tween a nickel core state and the band have been
demonstrated by characteristic thresholds. The
agreement of the position of the thresholds with
tabulated binding energies suggests the usefulness
of thresholds as a distinguishing characteristic of
tVV-type transitions.

It has been shown that for the particular set of
INS U(¢) data used here it is possible to set U(g)
=0 for £ >¢,,, the natural cutoff of the INS data, and
then to fold the truncated function to recover some
information about the fold in the range ¢ >¢,. In
general, this procedure should be applicable when-
ever the content of the truncated region of the un-
fold is small compared with the content of the fold
function in the redundant region affected by the
truncated range of U(¢). :

Finally, it is noted that the Auger-fine-structure
analysis reported here has been effected without
recourse to secondary mechanisms such as char-
acteristic energy losses, other Auger transitions,
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or characteristic energy gains,
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APPENDIX

The method of calculating Auger line shapes from
models for the transition density function is sum-
marized in this appendix.

A transition density function #(¢) is composed of
a background function b(¢) and a set of peaked func-
tions p;(). It is in effect “turned on” at the Fermi
level £ =0 and “turned off” at the band edge £ =¢,
by the convenience of a rectangular function [J(¢)
which is the sum of two Heaviside unit step func-
tions H(E,&,):

(§t: ) & /7
where H(X)=0 if XS“O and HX)=1i X>0, Asa
result of this definition,

(A1)

o % £=0
() ot
¥ o, t,=¢.

Thus in the integrals to follow u(¢) is represented
in the following manner, e.g.,

uj<:):n(—§)u<z)=n(—§)[b(g)mpi(;)], i=1,2.
gb gb i ( A3)

The Auger line shape is related to «(¢) through
the following symmetric convolution integral:

figg =ty *up =J1 (%)[:H (gg-bA) ur (& +4)

I (: —A) il — A)dASTI <2€&i:_2£>frcn %fb—A)

(A2)

&s b

< WES

- The first integral applies to ¢ in the upper half of

) (e — A)dA . (Ad)

from that for the down electron.
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the band, 0= ¢ =< ¢,/2, while the second integral
applies to ¢ in the lower half of the band, ¢,/2=<¢
={p. Subscripts 1 and 2 on ¢ indicate that the
transition density function for the up electron in the
two-electron Auger transition process may differ
Either of the two
electrons may originate at the levels £ +A or ¢ — A,
Consequently there is an inherent degeneracy fac-
tor in Eq. (A4) which is equal to two. The energy
distribution N(E) of Auger electrons external to a
specimen is assumed to be related to Eq. (A4) ac-
cording to

N(E) « P(E)iiy, (E) , (A5)

where P(E) is the escape probability for internal
electrons encountering the surface. Equation (A5)
must also be folded with a characteristic instrument
function in order to relate (A5) to an experimen-
tally observed Auger line shape. Consideration of
Auger line shape will be limited here to an analysis
of i.tlz.

The asymmetric form of the convolution integral
is obtained from Eq. (A4) by the transformations

E=ft+A and 7=2¢ (A6)

“which yield

figs () =TI (g—’:)f " ENag (1 — £) dE
0

fﬂ(‘z—gd)fb u (E)ug(n - £)de . (A7)

&s

Equation (A7) is the integral of the fold of u, upon
uy at £=¢. Note the change in limits of integration
that is introduced upon simplification of the II func-
tions. Use of the property that i, =17, provides a
convenient check on results obtained from Eq. (A7).
Insertion of Eq. (A3) into Eq. (A7) for u, and u,
produces a sum of convolution products of the type
by * by, b; xp;, and p; xp; (,5=1,2). Thus further
examination of the properties of Eq. (A7) will be
concentrated upon the individual convolution prod-

“ucts of the functions that make up #; in Eq. (A3).

These results can then be added to obtain a partic-
ular representation of Eq. (A7) for a specific form
of Eq. (A3).

Let #(£) be made up of a background function b(¢),
which may be zero, a constant, or linear in £, and
two normalized Gaussian functions p, and p, cen-
tered at £=a and £=b having widths a/v2 and B/V2,
respectively:

u(&)=b(&) +pql&)+psE) , (A8)
where
0
b(¢)=<a (A9)
a+bg
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and
Da= M/\/’ﬂa)e-[(l-a)/a j2
a

(similarly for p;), where p,/A is normalized and
therefore A serves as an adjustable amplitude
parameter which is always equal to the area under
the Gaussian p,.

The use of Eq. (A8) to model a transition density
function will lead to an Auger line shape through
Eq. (A7) that will be composed of various convolu-
tion products as summarized in what follows (re-
call that n=2¢, and 0= 1= 2¢,).

(D uy=a, uy=>b:

ﬁ1z(ﬂ)=ab[nr[_(-§-7—:)+(2§b n)H(ng )] )

(Al11)
which is an isosceles triangle peaked at the center
of the band n=¢,, with peak height ab¢, and area
3abt? [see example in Figs. 3(b) and 4(a), where
a=>).

ﬁ;z(m:ab[n(_ﬂ)_ H(g;_b_-_q

() &y )]’

which is a step of height ab symmetric about the.
abscissa and positioned at the center of the band.
(1) ur=a, uz=>b§:

“12("7)=zab["lzn< >+(2m nZ)n(ZC" )]

(A13)
#ly5 is parabolic in nature (two parabolic sections
matched at 7=¢ witha discontinuous derivative)with
a maximum at the band center n=¢,. It has a max-
imum amplitude of 2ab¢2 and an area 2abg3.

7a(n)= ab[nn( %)+ - (=2 )] (a14)

(I) uy =al, uy=bé:

fing(n) = sab[n’n( )+( n°+6ns2—4cb)n(2"’ )]

(A15)
#l1, is cubic having a maximum located at 7= (V2+ 1)y
having a magnitude % (V2 -1)abt?, and an area
2abg} [see example in Fig. 4(b)].

)= %ab[?fﬂ(gﬂ;) b (=P 28D @%ﬂ)] .
(A16

The derivative #;, is continuous at the center of the
band. ,
(IV) uy=b, us=(A /\fm “LC-aai?,

ﬁlz(n>=Ab[ (5 a") H(:)

(A10)

(A12)

!

a\ -L(n-a)/a 12 E—a)h] <_17_>
a)e +G(d A II 3,

f115(m) =Ab[(17‘[—;r;
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Il 2;,,_17)] ,  (Al17)
o

where G |;’ is a segment of a Gaussian step G|

n=2{

defined as
£-a 1™ g Lt-ava12
< ) -4 f dk . (A18)
Eq. (A17) can be reduced to a single term,
fiya(n) = Abc(g “) I —’1) , (A19)
28,

which can also be expréssed as
2 (n) = %Ab{erf [—‘{;ﬂ (n- a)]+ erf (\fw %)} . (A20)

If the Gaussian is sufficiently narrow so as to be
removed from the boundaries £=0 (and £=¢;) by
several half-widths [see example in Fig. 5(b)] then
the full Gaussian step will be present within the
boundaries and will be positioned at n=a [i.e. , the
position of its maximum slope is halfway between
the threshold of %, and the maximum in the convo-
lution square of the Gaussian peak; see (VI)]. The
maximum step height is Ab. The derivative of i,
is given by

-Clne 2 /17
u1z(77)“' \/_” [(n=a)/a ] H(EE;) s
which is a normalized Gaussian centered at 7=qa
and multiplied by a constant Ab.

(V) uy = b, uy= (A/\/'ﬂa)e-[(l-a)/ajz
E—a\|n2 (m
mutn =vtn o) 6(155) " ()

"_4.2?_ ~L(n-a)/a 32 -(a/a)2> (ﬂ

Y2/ {(e —¢ I %

+ (e Cre/a1®_ gLty araizyyy (chs— )} .
b

(A22)
The convolution of a linear background with a Gauss-
ian peak produces a complex function that can be
expressed in three parts as given by Eq. (A22).
The first term is the product of a linear function
(n - a) with a Gaussian step and spans the complete
band. The next term is a Gaussian peak, minus a
constant, centered at 17=a in the upper half of the
band. The third term, in the lower half of the band
is the difference between a constant and a Gaussian
centered at 7=¢,+a, which results in an inverted
Gaussian centered at 7=¢,+a. The second and
third terms vanish at the boundaries 17=0 and 7
= 2¢p, respectively.

The derivative of #,, is given by

sz v

&y ?e—:(n-cw)/alzn(%)], (A23)
b

a

(A21)

]
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which consists of two Gaussian derivatives centered
at 7=a and 11=¢,+a plus a Gaussian step at 7= 2a.

(VD) uy = A/Vra) er[(!-a)/aja, Uy = (B/w/'ﬂa)e'm'b"“a;

«(nea=0)2/ (a2+82)

7o) = ~—AB
thz\M)= [T+ P2 ¢
XGRa2+ﬁz)€—a%—aﬁﬂbaj"n('n)

L aB(a2+52)1/2 0 é—g_b .

#15(n) is a Gaussian centered at 7=a+b (the arith-
metic mean of {=a and £=b) with width [(a®+ 82)/

(A24)
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2]t2 multiplied by a Gaussian step. In the case &
=B, i.e., the two Gaussians u; and u, have equal
widths, their convolution product becomes

AB - (n-q-5)%/20:2

a@mi ¢

wnl26-Nn—a+d)" (N
X —— e Pt
¢ [ a\/-2 ]OH (ng) ’
which is composed of a Gaussian, whose width is

V2 larger than u, or u,, multiplied by a Gaussian
step [see example in Fig. 3(a)].

fhz(n) I s =
o=

(A25)
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