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Abstract. A theory describing the extended oscillations in secondary-electron (SE) spectra and
their connections with the short-range atomic structure in solids is developed. We investigate
the two main mechanisms for the occurrence of $es: direct knocking out of ses from the core
level by primary electrons, and a second-order process, called autoionization, going through
excitation of a core-level electron into some intermediate states followed by emission of the
final sEs. Interference of a direct wave and waves reflected from neighbouring atoms are
considered both in the final and in the intermediate states. We derive the cross sections for
SEs created in single crystals and polycrystals. In the latter case the signal is described by the
two ExAFs-like oscillating functions which are controlled by the final and intermediate energies.
The intermmediate wave diffraction is described by the Exars-like backscattering in all cases.
The extended fine structure is expressed, in an explicit form, in terms of coordinates and the
scattering characteristics of neighbouring atomns, which opens up new possibilities for obtaining
information on the short-range atomic structure near surfaces.

1. Introduction

Recently it has been experimentally observed that CVV Auger lines (transitions involved
a core-level hole and two valence electrons) are accompanied by intensity oscillations of
secondary electrons (SEs) escaping from solids whose kinetic energies exceed the Auger line
energy at 5-500 eV (De Crescenzi ef al 1986, Chiarello et al 1987). By analogy with the
extended x-ray absorption fine structure (EXAFS) some workers call this phenomenon the
extended Auger fine structure (FS) (De Crescenzi ef al 1989). At the same time, however,
there is an alternative approach (Woodruff 1987) according to which the Auger process
is not important for the phenomenon at all, but oscillations arise from a simple electron
diffraction of SEs emitted from a point source, just as in the well known photoelectron
diffraction in solids (Sinkovic ef af 1991). Incidentally it should be mentioned that attempts
to handle the signals using all the known EXAFs-like formulae have failed (Agostino ef al
1992},

There has been one quantitative description of the first-order mechanism by Aebi e?
al (1992) based on applying the Fermi golden rule and summing over transitions to all
possible scattering states of a given energy. They obtained a strong correspondence between
some theoretical and experimental features in Cu in the SE energy interval 150-250 eV,
but the theoretical features possess energy-dependent shifts at higher energies than do the
corresponding experimental features. Furthermore, their calculations do not reproduce the
last three experimental peaks at all.

There is another outstanding question that remains to be answered. Why does the Fs
have clearly defined Auger lines above (from the higher-kinetic-energy side) and is heavily

0953-8984/95/285713+15$19.50 (© 1995 IOP Publishing Ltd 5713



5714 V I Grebennikov and O B Sokolov

attenuated from the low-energy side? This suggests that the FS includes the formation
through the second-order process of virtual excitations of core-level electrons, because the
process has an energy threshold at the CVV Auger line, while the first-order process acts at
any energies. Moreover, according to the first-order approach the FS is obtained in all types
of material where electron scattering on neighbouring atoms has distinct values. However,
the Fs was experimentally discovered in transition metals (Cu, Ni, Co and Ag) and is absent,
for example, in Si (De Crescenzi et al 1989). This also suggests the use, in combination
with the first-order mechanism, of the autoionization mechanism the contribution of which
is proportional to the squared pumber of core-level electrons and the number of valence
electrons (per atom). By this means, the difference between the first and second mechanisms
is not only quantitative but also qualitative. That is the reason why we would like to study
both types of process in a unified approach. Also, we want to gain a common picture of
the phenomenon, i.e. simple equations which give the dependences of the SE FS spectra
versus SE energies, the core-level energies of electrons involved in transitions and their
numbers. Because of this, the basis for our consideration is the simplest model that, we
hope, is capable of describing the main features of the FS formation. We consider the model
approach as a necessary first step that has to come before the more realistic numerical
calculations taking into account the fine peculiarities of concrete materials.

Therefore, there are problems in elucidating the main mechanisms forming the Fs in SE
spectra, in developing a theory on the qualitative and quantitative FS description and, finally,
in devising a method for retvieval of information on the short-range atomic structures near
surfaces. Our goal is to give a solution, in the first approximation, on the basis of the
simplest model.

First, we investigate various intrinsic processes of SE creation on a separate atom
as a result of inelastic primary-electron scattering. They are the first-order process of
directly knocking SEs out of an atom, and the second-order process which will be called
autoionization. The main resufts needed for one atom are given in the next section. Then
we consider interference effects for a direct SE wave and waves reflected from neighbouring
atoms. In section 3 the FS is investigated as a result of SE diffraction in final states. We
obtain a new equation for the angle-integrated SE spectra; it is of EXAFS-like type. In
section 4 an autoionization creation of SEs is considered. Special attention is focused on
interference effects in intermediate states. This gives an EXAFS-like contribution in all cases,
In section 5 the cross sections for various mechanisms are given. In section 6 we discuss
the main results concerned with the origin and mathematical description of the extended F5
in 8E spectra. Estimates of some integrals are given in the appendix.

Core-level ionization and the correspending autoionization processes are thought to be
the major contributors tc FS at kinetic energies of 100-500 eV and even at about 1000 eV.
However, it is well known that most SEs in solids arise from the process of electron energy
losses due to plasmon excitation and single-particle valence excitations which is repeated
many times. The energy loss value is about AE = 5-30 eV in every separate scattering
event. A cascade of such losses gives a more or less homogeneous SE background which
can far exceed the intensity of CVV Auger lines, for example. Here we are interested not
in the background magnitude but in its FS. We should distinguish between

(1) oscillations in the angular distribution of the SEs at any specific energy and
(2) oscillations in their energy distribution in angle-integrated spectra.

In section 5 we show that (2) is not evidence from (1) at all. The different magnitudes
of the diffraction effects in distributions (1) and (2} arises from the strong angle anisotropy
of inelastic scattering at small energy transfers AE. Small-angle scattering is dominated in
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any separate event in the cascade. It is large enough for diffraction to appear in the angle
distribution and this is obtained experimentally. For diffraction in angle-integrated specira,
backscattering on angles from 7 /2 to & is needed. Its probability is very small for the
cascade background mechanism; therefore it does not give a marked contribution in the F$
of angle-integrated spectra. By contrast, the mechanisms of SE creation due to core-level
electron tonization, considered in this paper, provide scattering on large angles and, because
of this, determine the FS in SE spectra.

There is sound experimental evidence to show that the autoionization channel is
important. Analysing the $E spectrum of silver metal (De Crescenzi et al 1989) we can
see that the S, obtained from the higher-energy side of the N 3VV Auger line (50 eV), is
damped out gradually when the kinetic energy rises. This is natural for any mechanism, but
after the My sVV line (350 eV) a new FS appears, The two FSs are exhibited also in nickel
above the M 3VV (60 eV) and Ly 3VV (920 eV) Auger lines (Guy et al 1994). It is quite
reasonable that a new autoionization channel opens when the energy reaches the core-level
excitation threshold, but we do not see any way in which primary electrons, losing their
energy by small portions AE = 5-30 eV, can produce two or more signals in different
energy regions. Because of this we concentrate on the study of core electron ionization and
excitation and consider the background less.

2. The single-atom process

Consider the inslastic scatiering of a primary electron with wavevector w on a single atom,
The electron transfers into a state of wavevector u, creating a SE of wavevector p due to
the transition of an electron from a core level «v. The schematic diagram of the states is
shown in figure 1(a); it is thought that p < u, w. The corresponding scattering diagram is
displayed on figure 1(5). For a while, we exclude the broken line which denotes scattering
on neighbouring atoms; this will be needed in other sections.

la) &} 3] {d)
W
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Figure 1. Schematic diagram of energy levels and diagrams for scattering amplitudes.

We have shown {Grebennikov and Sokolov 1994) that, besides the direct knocking out
of SEs (due to the first-order Coulomb interaction denoted by a wavy line), the second-order
autoionization process plays an important role. Associated direct and exchange diagrams
are shown in figure 1(c) and (d). (Once again one can ignore the broken lines.} An
electron from a core level & is excited into intermediate states of wavevector ¢; then the
hole & appearing is annihilated by a valence band electron 8 with simultaneous ¢’ electron
transition into a final state of wavevector p to be measured (¢ — p and 3 — ). The
exchange process is given by the transitions ¢’ — « and 8 - p.
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The energy and angle distributions of p electrons have been obtained by Grebennikov
and Sokolov {1994). Besides the processes mentioned above, the 8Es escape from valence
states and their interference with the autoionization channel have also been taken into
account. It turns out that their contributions are small in the energy interval to be considered.
Recall that our region is situated above the #88 Auger line, i.e. the kinetic energy E, = .
exceeds the bond energy E, = «?/2. For definition purposes, the My 3 level in copper has
an energy E, = 60 eV. Another possibility is the Ly 3 level with energy E, = 920 eV.
Everywhere it is thought that w, u >» p~«¢ and § € p, o.

We believe that the principal results must be obtained in simple models. Therefore
we take plane waves {normalized on the &-function) for the continuum states w, w, P
and q, and lo) = (a*/7)2exp(—ar) for the core-level state. The analogous type
B = Nﬂ— Iﬂexp(-ﬁr) is taken for the valence band wavefunction (the wavevector is
omitted because of its smallness compared with p). Under these assumptions we have
obtained the following results (atomic units are used).

The first-order cross section for SEs with a wavevector p takes the form

d%s, 64m3at pu
D) I ITO@ o= o0l W
where the amplitude is
S 1/2
Tp) = (227) K=w—1u u* =uw? — p? —al, 2)

73+ Ip — KPP

Here ap is the Bohr radius and 2n, is the number of electrons on the level o (ny 1s the
number of orbitals and the factor 2 arises from the spin states). The symbol " denotes the
direction of the corresponding vector and the angular brackets denote averaging over the
directions (in the given case, over the directions of the scattered electron of wavevector u).
At p ~ « the angle anisotropy is not large. After integrating (1) over all angles d2, we
obtain the spectral distribution

dag fa} _ 16nap 2 6 2 Ep
dE,/Ryd o \1+ pja?

P =Ry &)

where k 15 a slowly varying function of order 1.
The integral intensity of the spectrum (3) gives the ionization cross section for the level

o
Ox 02 21 as [(Eq /Ryd)>. @
The second-order amplitude (figures 1{c) plus 1(d))} is equal to
2n,
[+] - 3 s f_____f___TO r 5
D@ = [ @' Mg g 1) ©
where
1 2 405
M(p, g) = (w3 Ny~ (——— -~ —) —————— (6}
®0) =N pgr " 2) @ p - gPP

Here 2E, = q* = p? —a? = w? —u? —o* The auxiliary energy E, corresponds to the rigid

conservation law in the intermediate states (we set the valence electron energy Eg = Q).
Recall that the intermediate-state energies E, need not be equal to E,.
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Making an approximate estimate of the integral in (5}, we write the autoionization cross
section as follows:

2 2\ 1 6
do/a _ 1—9—) LTy, Q)
dE,/Ryd pr) o\ pila?
where
C = L6rang (5’;)3/2. - (8)
E,/Ryd \ E,

For the M, 3 level in copper, E, = 60 ¢V and n, = 3, the average energy and the
number of valence states are Eg = 5 ¢V and ng = 5, which gives C = 1; therefore the
autoionization contribution exceeds that from the first-order process, (figure 2). Recall that
the curves in actuality present small additions to the background arising from the inelastic
losses of primary electrons. For the Lo 5 level, E, = 920 eV; it follows that € ~ 0, and the
weight of autoionization is negligible. So, the value of the coefficient C (8) characterizes
the relative contribution of autoionization to the SE spectra,

S.SJ:]\

o~
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gy |
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3 1 2
1] I T A SN R S Rl
1 3 5 7
£,/ Ex
Figure 2. Atomic cross sections in the mode] for the Ma 3 level in copper (arbitrary units):
curve 1, the first-order process; curve 2, the second-order process; — — —, the valence electron
contribetion,

The ratio of the full cross section of the second-order process to the ¢ level ionization
Cross section oy is

o /o, = 047C. ©
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Recall that o, is equal to 2 sum of the Auger and antoionization cross sections (we neglect
the small contribution of the x-ray decay of the core hole). In particular, it follows that
the integral intensities of autoionization and the Auger line in the case of the M, ;3 level in
copper are almost equal to each other.

Of course, we used a very crude model for real metals, but, it seems to us, that the main
conclusion about the importance of the second-order process still holds for more realistic
approaches, as well. Similar estimations based on 3p wavefunctions reduce the relative
weight of the autoionization channel. Nevertheless, the ratio of the second-order to the
first-order contributions is controlled by the factor C (8), as before.

It should be remembered that the C-value is proportional to the number of core-level
orbitals and to the number of valence electrons per atom. This makes the autoionization
contribution higher in transition metals with filled or almost filled d bands.

To avoid confusion, note that the single-atom cross sections ¢ and o» are among the
factors that affect the FS. Also the ¥3 is determined by the corresponding structure factors
(see section 3).

3, Secondary electron diffraction

In this section the diffraction effects after SE creation on angle-resolved and angle-integrated
spectra are discussed.

3.1. Single scattering on neighbouring atoms

Now we take into account SE elastic scattering on a neighbouring atom. This is shown
by broken lines in figure 1. Consider the first-order amplitude 5. Take the position of the
atom, where the SE is created, as the origin of the coordinates, The process of SE creation
on the central atom itself is described by the amplitude T%(r); its Fourier transform T%(p)
is given in equation (2) for our simple model. The propagation of waves from a point r; to
a point r; is described by the Green function (GF) G(r2, 7); then elastic scattering on the
potential W;(r — R;) of the atom with number j centred at R; occurs, and the SE reaches
its final state |p) = gp(r2). As a result, the amplitude of the complete process is written as
the coordinate integral

5@ = [ 63Wtrs = RYGrs = 0T (10)

The free GF has the standard form

&g explig-(ri~72)] _ _explip+lra—mil)
(27)* Ep,—E,+1in 2mlry - ;)

Glra,mi; p) = f (11)

where
pF=p+iy pt/2=E,+in.

The coordinate vt = pi in (10) is restricted in the range of the core wavefunctions &
and the second coordinate r; = R, <+ p is localized near the neighbouring atom R; due to
the short-range character of the potential W;. This gives an opportunity to use the standard
expansion |R; + p; — pi1| = R; -+ €; - (p2 — p1), where e; = R;/R; is a unit vector along
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a neighbouring atom direction, and we arrive at the well known plane-wave approximation
{PWA) for the GF:

G(R) + p2, p1) = (=2m R;) ™ explip™ Ry explip; - (p2 — p1)] (12)

where, by definition, p; = pe; is the wavevector along direction e;. The imaginary addition
in characterizes the finite width of excited states in many-body systems. It generates an
imaginary addition iy in the wavevector p* = p + iy, which describes the electron wave
damping in space in (11). Assuming that the final state ¢,(r) is the normalized plane wave,
we obtain

T;(p) = £i(p. ;)R exp(ip* L)T%(w)) (13)

where the Fourier transform of the scattering potential given by

Wilp, p) = fd3p W;(o)expli(p; —p) - p1 = —27f;(p,6)) (14)

is changed to the amplitude f;(p, 6;) of plane-wave elastic scattering on an angle &; between
the incident p; and scattered p waves. This correction is accounted for by multiple scattering
on the potential W,. The length L; = R;(1 — cos6;) is the path difference for the wave
scattered on site j and the direct wave. Of course, multiple scattering of the SEs on the
central atom also changes the source function 7%(p) (2) approximately, together with (14),
but this is a quantitative correction only.

So all details of the origin of SEs and their scattering on the centre atom are contained
in the function 7%(p), and elastic scattering on the neighbouring atom is described by the
value f;(p,@). The latter takes into account the spherical character of the scattered waves
(Sinkovic er al 1991) if we introduce the dependence on the distance R;. The phase factor,
in the middle of equation (13), is responsible for the structure in the diffraction picture.

The equation of type (13) is well known, and it is widely used for the description of
photoelectron diffraction in solids (Sinkovic ef al 1991). Below we shall derive a new
simple angle-integrated equation for electron diffraction.

3.2. Scattering on atom pairs

Of all kinds of atom pair, scattering on a site j accompanied by scattering on the centre O
stands out, because in this case the path differences for all waves reflected from atoms,
possessed by the same coordination sphere, are equal. The corresponding matrix elements
have the structure Tp;(p} = ¢pWoGo j%ngTo. Using the pwa (12) for intersite GFs and
replacing the Fourier transforms of potentials on their scattering amplitudes (14), we come
to the equation

To;(p) = ipx;(p) folp. = — 6T (py). (13)
Here we introduce the function
X (p) = (ipR})™ exp(2ip™ R)) f;(p, 7) (16)

describing backscattering on an atom j. It looks very much like the well known EXAFS
function (Sayers et al 1970).
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3.3. The average amplitude

Owing to the weakness of elastic scattering 7; compared with T?, the SE spectra in
polycrystals are determined by the amplitude (T;(p)}e; (13), averaged over all possible
orientations e; of neighbouring atoms. To estimate this, we direct the z axis of the spherical
coordinate system along the vector p; then the angle-averaged function (13) becomes

(I} =

1 ¥ 4 2
-—f dg sin exp(-ipRcos@)f dg F(8, ¢)
4w Jg 0

1
2ipR

1
[exp(ipRYF(m) — exp(—ipR}F (0)] — o f ceel (17

Here the angle-dependent phase factor exp(—ipRcos@) is evolved explicitly from the
function T} and the rest function is denoted as F. Then the integral over # is taken by parts,
and the new integral term appearing is only symbolized. As a result of exponent integration,
the factor (pR)~! « 1 arises. If the symbolized integral in (17) is small compared with
the first term, we obtain the estimation

(T;(@)e, = [;(PYTH—D) — C;(P)T°())/2 (18)

where C;(p) = (ipR?)™" f;(p, ). As is shown in the appendix, the estimation (18) holds
true for the fully consistent consideration but, in this case, the contribution C; from forward
scattering should be scaled down. For the screened Coulomb potential with radius 7o,

C;(p) = 2R} £ (p, m)0.577 ~ In(2pr3/R) — im/2]. (19)

Hence, averaging over orientations of neighbouring atoms in polycrystals, amorphous
matter, etc, provides the oscillating EXAFS-like function x(p) and some additional
background C(p) for ordinary electron diffraction. In cur view, this is a new and useful
result for traditional SE diffraction theory.

4. Diffraction in autoionization

Elastic scattering on neighbouring atoms modifies the intra-atomic autoionization process
described in section 2 in two ways: firstly because of electron scattering after SE creation;
secondly because of scatiering in intermediate states during autoionization itself.

4.1, Scattering after autoionization

This is described by figures 1(c) and 1{d) except that the broken line is not in the middle of
the diagram as shown in the figures, but at line p, as in figure 1(b). For this case the final
results are similar to those of section 3, where the matrix element T%(p;), describing the SE
creation in the state of wavevector p; should be replaced by the corresponding second-order
autoionization element D°(p;) (5). So, the amplitude Dy of autoionization accompanied by
following elastic scattering on a neighbouring atom is given by an equation of type (13):

D,(p) = f;(p, )Ry explip LN D (p;). (20)

However, producing equation (20) is more complicated than equation (13) by virtue of the
fact that T%r) is localized at the atom at the origin but the corresponding function D°(r)
is only centred on that atom and can spread far from it owing to the rather small attenuation
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of the Coulomb interaction. As a result, the validity of the pwA for the GF connected with
a source of scatter j in an equation such as (10) is not evident.
To obtain (20) we start from the exact expression

a*p’ .~ 2expli(p’ — p) - R;l
L -

Qront
(@) e

Di(p) =

and integrate it over angle variables by parts in the sense of (17). Then we arrive at integrals
of the type Ji (A5) from the appendix and their estimations furnish the result (20),

The average amplitude of polycrystals (amorphous matter or angle-integrated experi-
ments) is identical with (17

(D; (D)), = [x,(p)D°(~p) — C;(p) D ()] /2. (21)

4.2. Scattering in intermediate states

This is described by figures 1(c) and 1(d), where elastic scattering on neighbouring atoms
takes place between primary excitation and emission of final electrons or, which is the
same, the intermediate-state perturbation due to other atom potentials is taken into account.
A corresponding amplitude is formed of type S; = MGf;G 0T0. If we make allowance for
(10), (11} and (13), this becomes

2n,
S, (0) = f g M. &) = 2 THd5 ) (22)
where
T,(q'; q) = £i(d, q)R; ' expli(g™ — ¢’ cos&))R,1T%g;) (23)

fi{d’, g;) is the amplitude of plane-wave scattering from g = ge; state into the ¢’ state on
the potential W;. At ¢’ = g;, equation (23) turns into equation (13).

It is very simple to take the integral in {22) for the bubble (exchange) diagram in
figure 1(d) because the electron of wavevector g’ transfers into a short-range inner state o,
which gives us the opportunity to use the PWA for the GF in (22).

In the direct diagram, figure 1(c), the electron goes from one delocalized g’ state into
another delocalized p state, and connection with the central atom is controlled only by the
long-range Coulomb interaction. Nevertheless, a contribution from elastic backscattering
prevails in this case, too. To show this, we rewrite the denominator in the integral (22) in
the form of two fractions 2¢° /(g% —g'%) = 1/(g —¢') — 1/(g +q'). After changing variables
g’ ~ —q’ in the second item and reversing the direction §' — —§’ o conserve the rest
under the integral functions, we obtain

oo 4

d /
;i _qq, M@ T e 24

S;(p) =4z[

—co
Using an estimation of type (17), this leads to the equation

5. o 2 dg’
i = iR? gt —¢
x exp(ig R)T°(g)).

[M(p. q))f(—q}, g;) exp(ig’R) — M(p, q;) (g}, g;) exp(—ig' R)]
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Evaluating integrals by equation (AS5) from the appendix we find the final result
5 (@) = —4x’igx; (@M (P, —)T (g)). (25)

Note that there is a correspondence between scattering S; (25) and backscattering Ty,
(15) under the condition —4n2M(p, —q) — fy(p,m — 6). However, the oscillations in
(25) are controlled not by the final but by the intermediate energy g2 = p* — o®,

In conclusion, the intermediate-state perturbation due to the neighbouring atoms leads
to the EXAFS-like oscillations x(g) in the autoionization channel even in single crystals.
This is the specific peculiarity of the second-order process.

The amplitude in polycrystals is obtained by averaging (25) over all g; directions. This
can be represented by

2
(5;PNe, = ix,(a) f dq; M(~p, ¢} Im (q—ﬂ_—qf> T%g)) = ix(@) Im(D°(-p)].  (26)

The last equation is written on the assumption that functions M and T° may be chosen to
be real, for example as in (2) and (6).

5. The SE spectra

By spectrum we mean the current created by the SE with a definite energy and p direction.
Another characteristic of the process is given by ifs cross section

d%c(p)
dE dQ2

Here T denotes the full matrix of the transition of the primary electron of wavevector w
into the w state on ejecting the SEs in the p state with energy E = p?/2 in the space angles
d€2. It can be shown that there is a simple connection

exp(—2yr)do (p)/dE = df, /ijw| (28)

between the cross section in the p direction and the current df, = j,,r2 d€2 normalized with
respect to the density j, of the primary beam current. It is the damping on the left-hand
side of (28) that requires us to introduce the damping exp(—yr) in the wavefunction and
the corresponding imaginary addition p¥™ = p - iy in equation (13), etc, together with the
total path difference L; of interference waves.

The first-order cross section is determined by the amplitude Ty = T° + T; + Tp;, which
is the sum of the atomic (single-centre) amplitude T° (2), the small corrections T; (13) for
scattering on neighbouring atoms and the subsequent additional scattering Tp; (15) on the
centre, The subscript | indicates that the final state is formed by single inelastic scattering.
As a result, a hole is present in the core level & in final states.

Another group of final states arise in autoionization, namely the double inelastic
process. In this case the core level is occupied and the hole elevated to the valence band.
Summing (5), (20) and (25), and also the pair scattering analogue of (15), Dy;, we obtain
T1=D0+Dj—{-Duj—{-Sj.

The main contributions in 7 and T arise from the first terms T° and D, The relation
between these have been described in section 2 (see also Grebennikov and Sokolov (1994)).
The rest leads to the FS.

= ao{[T(p: w)*)a. 27
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5.1. The first-order cross section
Substituting 7} into (27), we find in the linear approximation that

d2
L) _ 2nado[(|TD(P)|2>ﬁ +2Re (JZ_(T%)T“@,-MWP, 8)RT explip*Ly)

+ folp, m - 8)ipx; (p)])]- (29)
In the polycrystalline case the cross section is determined by equation (29) averaged
over different atom directions:

der () ~
(T, = el @] 1 +Re (;[u»x;(.v) ~gon)| oo

where

% (7 = x5(p)1 + 2ip(folp, O)e,] (3D
is the function (16) renormalized owing to Oj pair elastic scattering, and pu =
(TO@TO(—p)}a /T D)X}z is a coefficient equal to about | at p =~ a <« w, ie. jn
the case when anisotropy of the single-atom cross section is small.

The signal (30) is described by the product of the single-atom cross section on the
oscillating function x(p). Also scattering on atoms generates the additional background
C(p).

The first term in (29) and (30) describes the single-atom cross section. Neighbouring-
atom effects are given by two factors: atomic and structural. The atomic factor (correlator)
(T@)T(p;)} = I(p.6,) is defined as the averaged product of creation amplitudes for
two waves. The first propagates in the selected p direction and the other goss to a
neighbouring atom /. In fact, 7(p, 6;) determines the intensity of the source of the waves.
The structural factor deseribes interference between the waves after scattering one of them
on a neighbouring atom j.

The angle-averaged equation (30) is controlled by two extreme angles & = = and 0.
The amplitude of oscillations in angle-integrated specira is proportional to the correlator
I(p,m). Its estimations give us an opportunity to select the most important mechanisms
for Fs formation.

In this connection consider the cascade mechanism that forms the SE background. The
initial electron loses its energy many times in small portions most of which are due to
plasmon excitations and single-particle valence excitations, The losses AE = 5-30 eV
are small compared with the energies E = 100-500 eV considered. Under this condition
most electrons scatter at small angles. It is easily seen, for example, from equation (2)
which has to be used now for electrons of type # (in the notation of figure 1). It is also
necessary to change p to u in (29) and (30). The value o may be considered as the valence
electron energy, and p? 4 o? = AE/Ryd « w?, u?. For large angles between v and w the
amplitude T(u) o (w — u)~® =~ (2usind/2)~%. Therefore the back-scattering correlator
I(u, ) almost disappears. For the space distribution (29), small-angle scattering is quite
sufficient and we see that its amplitude T (2) o (#8)~* is rather large. We believe that the
cascade background mechanism yields diffraction effects on the angle distribution but, at
the same time, it does not give an essential contribution to FS in the angle-integrated spectra
owing to the strong anisotropy of the elementary scattering event.

Electrons knocked from core levels have an almost isotropic distribution at p =~ e,
Therefore they can give a larger contribution to the FS in the SE spectra, Even in the p >> &
case, p electrons are emitted at about 90° to the primary electron direction w which also
leads to a rather large magnitude of I (p, 7).
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5.2, The second-order cross section

Consider now the second-order cross section dog, which, as has been discussed, can exceed
doy in practically important cases.
Substitution of T3 in (27) results in the autoionization cross section

d?a,(p)
dEdQ2

= 2”;30'0[“100@)'2)& +2Re ( D UD @)D )l £5(p, 6)R; " explip* Ly)

K

+ folp, @ = 8)ipx;(p)] — (D (D)M(p, —g;)4n’ig T”(qj))ai,-(q)})].
(32)

Here the last term is new compared with do. Tt arises from scattering in intermediate states,
namely S; (25) and Sp;. The pair scattering Sy; of intermediate electrons of the type (15)
renormalizes the function x{g) as in (31).

In polycrystals (angle-integrated cross section),
d2o2(p) 002 = R
(m) = 2n500(ID° (o)1 ){um(?{nzm(mwwswexp(nw)x(q)]—c,-(p)})].

g
(33)
The coefficients, determined by the weights of the final p- and intermediate g-state
contributions, are given by the equations
cosft (p)] = Im[D°(p)/|D°(p)])
p2 = (D@D (~pMa/ 1D (D))
Note that the EXAFS-like function (31) is included in cross sections in the form

Rel#(p)] = (PRI 1f;(p. m)|sin2pR; + ¢; + Do) exp(~2y R))  (34)

where ¢; is the back-scattering phase shift on an atom j, and Agy is the phase shift on tbe
central atom determined from the equation

exp(iAgo) = 1 + 2ip(fo(p, 6))e,- (35)

Considering (32) again, note that the autoionization oscillating signal consists of two
contributions. The first arises from the direct- and scattered-wave interference, as in the
first-order process (29), but moreover there are EXAFS-like oscillations x{g} arising from
the intermediate electron g backscattering.

In the polycrystalline case (33), angle averaging leads to two EXAFS-like signals (34)
from hoth final and intermediate states (Grebennikov and Sokolov 1992, Guy er af 1993).

6. Discussion

‘We have considered two main mechanisms responsible for the FS in SE spectra:

(1) direct knocking of sEs from core levels accompanied by interference between a
direct wave and a wave scattered on neighbouring atoms, which have been proposed by
Woodruff (1587);

(2) the autoionization second-order process put forward by De Crescenzi et al (1986,
1989).
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We have indicated the probable reason why the SE background contains diffraction
effects in the angle distribution at any specific energy and why these effects are highly
suppressed in the energy distribution in angle-integrated spectra. The reason is that the
small-angle scattering dominates the elementary event of the background cascade owing to
small energy losses at plasmon and single-particle valence excitations.

The first-order cross section is written as in equation (29), which is similar to relevant
common equations in the theory of photoelectron (Sinkovic et al 1991) or Auger electron
(Agostino ef al 1994) diffraction. We have shown that the interference of an eleciron
wave from a point source and a wave scattered on neighbouring atoms leads to EXAFS-like
oscillations x(p) after averaging over all directions (equation (30)). The oscillations are
described by single elastic backscattering. What is more, a monotonic addition to the atomic
cross section exists. The result is correct at pR 3 1 for polycrystals, amorphous matter,
etc, and also for the angle-integrated SE spectra.

The oscillations arise because the momentum transfer ends at its maximal value 2p
abruptly. Note that, in experiments on single crystals, integrations are carried out over
finite reception angles. This blurs the transfer boundary and can produce some attenuation
of signals.

The autoionization process goes through the intermediate excited g states. The FS
in single crystals is formed by two mechanisms (32). They are firstly final electron p
scattering on definite diffraction angles, just as in the first-order case (29) and secondly
intermediate electron backscattering with a wavenumber g = (p? — o?)!/? (the last term in
(32)). After angle averaging (polycrystals, etc) the contribution of the p electron becomes
EXAFS like too, as was described above for first-order ionization. As a result, the extended
F$ (33) is controlled by two oscillating functions x (g} and x () (34). The structure factor
X (34) has a strong p dependence. Apart from the multiplier p~!, it contains the back-
scattering amplitude f o p~2. Also, the phases 2pR; are very sensitive to the interatomic
distance variations at large p. For example, averaging over chaotic thermal (and zero-
point) atomic motions gives rise to the Debye-Waller factor exp(—2{AR?)p?). Since the
intermediate-state energy g% = p* — o® is smaller than the final-state energy p?, usually
x(g)/x(p) > 1. The ratio becomes particularly high for deeper levels. We expect that the
FS above the Ly s VV Auger line in copper (E = 920 V) is controlled by the autoionization
mechanism despite the fact that the second-order single-atom cross section is very small:
C = o3foy € 1, see (B). The experimental F$ (Guy et al 1994) is obiained in a small
energy interval of about 100 eV, This is easy to understand if one takes into account the
strong g-dependent structural function x({g). In the M33;VV case, the values of p and ¢
lIock very similar in the energy region 100400 eV and, to describe the extended Fs, we
need to take into account diffraction both in the final and in the intermediate states.

The relation of the extended FS with the coordinates and scattering characteristics of
neighbouring atoms opens up new possibilities for determining the short-range atomic
structure near the solid surfaces using oscillations in the SE spectra.
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Appendix

Let us calculate the function T;(p) (13) averaged over every possible direction €;. For
simplicity, we consider scatiering on the screened Counlomb potential with a radius rg and an
effective charge Z: W(p) = —Z/pexp(—p/ry). In the Born approximation for a scattering
amplitude (14), after neglecting the angle dependence on T%(p) (which is reasonable for

p? ~ o & w?), we obtain the equation

{(T(D))e = {explip™ R(1 — cos]2Z/(Ip — pel* + ry 2T/ R. (A1)

We omit the atom number index j hereafter. Since [p— peF 2p%y, where y = 1 —cos#,
averaging in (Al) resulis in the integral

- f dy Z exp(ipRyd)
[¢]

A2
2p?y +ry” #2

which can be transformed into two standard exponential integral functions with an imaginary
argument (with allowance for damping p — p* = p + iy with a complex value). First,
we determine typical parameter values.

Let the SE energies be E/Ryd = p? = 9-36; then the wavevector values p = 3-6 au.
The nearest-neighbour atom distance in copper is R =~ 5 Bohr radii. Put r; = R/2, i.e. the
potential is screened within the muffin-tin sphere. As a result, we obtain that pR > 15 and,
therefore (pR)~! is a small perturbation parameter.

Now we rewrite (A2) as a sum of two integrals: [ = f;+ f0°°. We integrate the first
by parts N times:

2 Z  exp(2ipR) Nl 1 2p? "
f= - 1+ Y (———==) . (A3)
o 4P +r; ipR = \4p%+ryipR

n

The last N -+ 1 item was obtained by evaluating the integral by replacement of the pre-
exponential function to its maximum value.

After substitution of variables in the second integral, from 0 to oo, we obtain the standard
function

fom 2,202 exp(— 1x+)f exp(:t"‘)
ot R
ix (ixt) +)

z Jr
4 1 — =
szexp( 1x)(C+'”‘ T Taxa

(Ad)

where x = R/2prd, tt =tp*/p, x+ = xp”"/p and € = 0.577... is the Euler constant.
Keeping only the leading term (x <« 1), in (A3) and (A4) we obtain (16), (18) and (19).
Now estimate the integrals
7 f * dg’ f(g") expl=i(g’ — g} R]
£ = R
-0 g —q
Using the Cauchy-type integral, we introduce the piecewise analytical function from a
complex variable z:
® G ! F-I- — F-
F(z)=f q’f(q) Flg) = (@) - F ()
- @ -2 2ri

R>0 gt=g+iy. (A5)

(A6)
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where FEX(q) = F(z = g = i0) are the limiting values of the function (AG) on the real
number axis from the upper and lower sides of a complex plane, respectively.

Substitute (A6) for i (A5). The interval from the function F* is calculated by closing
the integration path over an infinite radius arc in the upper complex plane, which produces
the result

[ ] d i iin — R —1n — R
Iy = Flg*) exp(eyR) - j:, ﬁ‘{ [ (ex;[niqq _qij)/ 1 equ[, i(z . ii) ]) F-(g")

+ exp[—i(g' — )R]
g —g—+iy

F (q’)] :

The auxiliary function is added to and subtracted from the integrand to form a function
of the type (sinx)/x (in parentheses) which is localized in an interval ¢ — ¢’ < x/R (at
y < m/R). This enables us to take F~(g") out of the integration at a point ¢’ = g. The
remaining integral is readily calculated, as well as the integral with the last item, and we
obtain the estimations

Ty =[F(@") + F(g™) = 2F~(¢)lexp(~¥ R)
= [2mif(g) + F(¢") = FT(@) + F(g7) — F™(@)]exp(—yR)
or
Iy 2271 f(q) exp(—y R). (A7)
Similar transformations and approximations show that
J_ = F (g f i dq' (explwi(q’—‘q)Rl _expli(g’ —q)R])
0 2mi\  g'—g -1y 9 —-qg+iy

f % dq’ expli(g’ — ¢)R]
+ - .
—oo 2L g —g+1y

Fi(g").
In this case, both integrals are equal to zero; therefore

J. 0. (A8)
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