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Abstract. The spin polarization of Auger electrons escaping from the Fe(100) surface has
been calculated. All possible sources giving rise to spin polarization are discussed. It has been
shown that taking account of different orbital symmetries of the valence d states, and including
the electron diffraction by the surrounding atoms can significantly affect the value of the Auger
electron spin polarization. The ratio of thegland E contributions to the Auger electron
intensity also determines the shape of the E¥'\L spectrum.

1. Introduction

Recently the magnetic behaviour of metallic surfaces, adlayers, and thin films has been
intensively studied by means of spin-resolved spectroscopic techniques [1-7]. It has been
shown [8] that spin-polarized Auger electron spectroscopy is a powerful probe of local
magnetic properties of surfaces. In the case where the valence electrons are involved in
the Auger transition, the local spin polarization of valence states should be reflected in the
spin polarization of the Auger spectrum. However, the question of the relationship of these
two quantities requires more detailed investigations. Sirtkevial [9] have measured the

spin polarization of the {M4sMys Auger transition in iron. They have obtained values

for the integrated spin polarization which differ from the spin polarization of Fe valence
electrons. These results have been discussed in terms of the density of states (DOS) for
spin-up and spin-down valence electrons. From the experimental data, the ratio of the Auger
transition probability for the valence electrons with parallel spins to that for the electrons
with antiparallel spins has been estimated to be about 2:3. This consideration seems to be
very simplified, in view of the many other factors which could also influence the value
of the Auger electron spin polarization, and the process of the Auger transition should be
studied more carefully.

In particular, it was shown [10] that a single-band description, and a self-convolution of
the single-particle d DOS only gives a very poor description of the Auger spectrum. Presilla
and Sacchetti [10] have suggested using a many-band Hubbard Hamiltonian to calculate the
shape of the Auger spectra of transition metals. They succeeded in explaining the shape of
the M{VV Auger rate for copper, introducing different parameters for the valence states of
s, dTyg) and dEg) symmetry. In contrast to the atomic-like Cu CVV spectra, the Auger
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spectra of Fe retain a band-like shape, and the energy structure of the valence subbands
would be even more important for the formation of the Auger electron distribution than in
the case of Cu.

The aim of our paper is to discuss the formation process of the¥¥ lAuger spectrum
in more detail, and to analyse the factors that can contribute to the spin polarization of the
escaping Auger electrons. The theoretical description of the Auger process, and the details
of calculations are presented in sections 2 and 3. The effect of the spin-dependent matrix
elements is discussed in section 4. In section 5 we discuss the convoluted DOS for different
subband—spin combinations. Conclusions are drawn in section 6.

2. Basic equations

The theoretical model and the main approximations used for the description of the Auger
process have been given in [11]. Here we present the general expressions used for the
calculation of the spin-polarized Auger electron intensity.

Let us consider the electron states involved in the core—valence-valence Auger
transition: a core state (quantum numberg., ., 1) and two valence stateg, i, (Qquantum
numberd; ,, m1 2, 012). The escaping Auger electron (final state, endrgys described by
a sum over spherical waves characterized by quantum nunmbetd, m) ando. An initial
excited state for the Auger decay (core hejecould be created by photoionization. Then
the core holeg.. have different weights determined by the dipole transition probability and
especially by the polarization of the light. Hole statg$. ) are created, where the spinors
x+ and x_ have different factors; furthermore, they are connected with different spherical
harmonics. This is a source of the spin polarization of the photoelectron. It is usual (but
not exact) to say that the core hole has a preferred spin. The spin polarization of the hole
states is transferred to the Auger electron via the matrix eled#enf the Auger process:

M (Lo, clis, i2) = (fLo, ¢V i1, i2) = (fLo, c|V iz, i). @

It contains the expectation value of the Coulomb interaction, and the corresponding exchange
integral.

If we assume that the matrix elements are independent of the energy of the valence
states [12], then after integration over the Brillouin zone we can write the expression for the
spin-polarized intensity of the Auger electrons in a direcéoe = r/r, k = ke, k = VE)
in the form

I,(E, k) = Z (M?) 410, / Dy, (E + E. — &) Dy, (e) de (2)
8182

where D, (¢) is the local partial DOS of the valence stae denotes a set of quantum
numbers characterizing the valence electron state). In magnetic systems like iron, the
valence states are spin polarized. They can also contribute to the Auger electron spin
polarization due to the different fractions of majority- and minority-spin states in the DOS
convolution.

The Auger transition probabilitiegV?),,,, can be expressed as
2

Y Bio(k) M(Lo, cli1, iz)| . ®)
L

(M3>g1gz = Z wy, (€, hw)
He

w,, (e, hw) is the photoionization probability for the electron statein the core shelt. It
depends on the polarizatianand on the energ§w of incoming photons.B; , (k) is the
scattering path operator. This expression is the same as the one that describes the electron
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scattering in LEED and photoelectron diffraction [13—19]. It contains the expressions for the
direct wave, and the single- and multiple-scattering contributions. In magnetic systems the
spin polarization of the outgoing Auger electrons may be changed due to the spin dependence
of the surrounding scattering potentials [20—22], which is reflected in the spin dependence
of the scattering phase shifts involved th The effect of the electron diffraction on the
Auger electron spin polarization depends also on the posioof the atom emitting the
Auger electron in the crystal lattice with respect to the surface. TRugpends o, and
the Auger intensity is a sum over contributions (2) for different sfies

In order to obtain the integral intensity of the core—valence—valence transition
considered, we have to integrate the spectral intensity (2) over the region of Auger electron
energiesk. This gives

I,(k) = / I,(E. k) dE = " ngng, (M?) g, (4)
8182

where n, is the occupation number for the corresponding valence subband. The spin
polarization of the Auger electrons is obtained from the calculated spin-polarized intensities
(2) as

L —1
L (5)
L+1,

For the integral spin polarization, the corresponding integral intensities (4) should be inserted
into expression (5).

If we consider the spin polarization of the Auger electron intensity (2), we have to fix the
axis of quantization. In magnetic systems we have a preferred direction due to the direction
of the magnetizatiodf. This axis is usually used for the evaluation of the matrix elements
(1), and for the scattering path operat®r But, in an experiment, the spin polarization of
the escaping Auger electron can also be measured with respect to the electron wave vector
k or—for photoionization—with respect to the photon wave vector. The degree of the spin
polarization depends on this choice, but the values could be recast for another coordinate
system by means of spinor rotation. We note that in what follows the coordinate system is
used in which the direction of the-axis (the axis of quantization) coincides with that of
the magnetizatiorVf.

Ppgs =

3. Details of the calculation

For our calculations we consider a geometry similar to the one used in the experiment
performed by Sinkow et al [9]. Auger electron emission was excited from the Fe(100)
surface by photoionization with linearly polarized soft x-ray photons. We consider the off-
resonance case where the photon energy of 820 eV was used. The photons were incident
at 45 with respect to the surface normal; the polarizatiolies in the plane given by the
surface normal and the photon wave vector. The Auger electrons were collected along the
surface normal. The core holes created by the linearly polarized photons are non-polarized.
Thus, for this case the spin polarization of Auger electrons will be caused by the polarized
valence states. A further source of the spin polarization is the Auger electron diffraction.

The iron surface has an in-plane magnetizatddndirected along the [001] axis of the
cubic lattice. We choose the-axis of the coordinate system antiparallel to the surface
normal, and they-axis in the surface plane.

We simulate the Fe(100) surface with a system of muffin-tin potentials. The spherically
symmetric spin-polarized potential in the muffin-tin spheres was calculated using the
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Mattheiss construction [23]. For the exchange and correlation part of the potential, the von
Barth—Hedin approximation [24] was used. The dipole matrix elements and the Auger matrix
elements were calculated using scalar relativistic wave functions. Taking into account the
relaxation of electron states by the core hole, the Auger matrix elements (1) were obtained
using the wave functions calculated including the core-hole potential, whereas for the dipole
matrix elements the wave functions of the ground state were used.

The local partial densities of states, and the occupation numbers for the valence subbands
were calculated by means of the recursion method [25], using tight-binding parameters
published by Papaconstantopoulos [26]. The magnetic moments of the iron atoms in the
bulk were chosen to be equal to 2:2. The recursion method allows us to calculate local
DOS at a surface site. At this site we get a magnetic moment oft2.6 The magnetic
moment caused by the valence d electrons only is to some extent higher, becauge the s
subband has a small negative magnetic moment.

The partial contributions to the DOS from the electron states of different symmetries—
S, p, d(T2g), d(Eg)—were also calculated. Furthermore, we could include the breaking of
the cubic symmetry at the surface. Thus, for example, the local DOS differs from the
(xy) or (xz) DOS.

4. Auger transition probabilities

If we consider the Fe 4VV spectrum, it should be noted that the Auger electron intensity

is mainly determined by the transitions involving two valence d electrons. The calculated
Auger matrix elements (1) for the final-state configuration with one s and one d hole in the
valence band or with two s holes are about ten times smaller than that for the configuration
with two valence d holes. Taking into account the occupations of the s and d subbands (or
the partial DOS), the contributions to the Auger electron intensity differ by three orders of
magnitude. Thus, the effect of the s subband on the intensity and, consequently, on the
spin polarization of the Auger electrons is negligible, and in the following consideration it
is not taken into account (but is always included in the numerical evaluation). In this case
it is possible to talk about dM4sM 45 Spectra.

4.1. A simple model: the degenerate d band

In order to compare our results with those of reference [9], we consider a simplified picture:
two degenerate d subbands which are split by the exchange interaction. Furthermore, we
assume for the Auger transition probabilities (3) that

(MZ)yp = (MD),, =T
(M2)y, = (M?) 4 =S.
It follows directly from equations (4) and (5) that, for the given occupation of the spin-up

and spin-down subbands, the integral spin polarization of Auger electrons depends only on
the ratioS/ T of the singlet and triplet transition probabilities:

(j— )]_1=PVB[1+;(1—PVB>2<;—1”_1 ©)

wheren = ny + n, is the total d-electron number, am®lg = (ny —n;)/n is the spin
polarization of the d band.

Even in this simple model, it can be seen tlRats is equal toPyg only for the case
whereS/T = 1 (or wherePyg = 1). Other values of th&/T ratio could lead to quite

(6)

nn
Paes = Py [14-2 ;;
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different values of the Auger electron spin polarization: frélxes = 0 for S > T to

Phgs = (n% - nf)/(n% + ni) > Pyg for § « T. This simplified picture has already been
discussed in [9]. It should be noted however titgg in (7) is referred to the number of
valence d electrons, and not to the total number of valence electrons as is the case in [9].

Table 1. Calculated Auger transition probabilitie{ﬂ/lg)(,1,,2 and integral intensitieg, (k) for
normal emission (averaged over all d orbitals; all values are multiplied by a factor®f 10
Partial contributions of p and f waves to the transition probabilities are also shown. The data
were obtained for the bulk emitter position in the fifth atomic layer from the surface; only the
direct Auger wave was included in the scattering path opertor

Auger electron spin o=1* o=

Final hole configuration (dt,dt) (dt,d}) (dy,dt) (d{,d})

(M2)4,5, 0.156 0.741 0.749 0.152
p+f 0.156 0.721 0.729 0.152
p 0.011 0.033 0.033 0.011
I, 11.130 8.726

According to our calculations for the iron atom in the bulk, the occupation of d subbands
is 4.6 electrons for the spin-up states and 2.3 electrons for the spin-down states; therefore
we havePyg = 0.333. The calculated Auger transition probabilities (3) averaged over all
d orbitals, and the integral intensities (4) are presented in table 1.

It follows from Auger transition selection rules that thgMysMys transition creates
outgoing Auger electron waves with= 1, 3, 5. However, it can be seen from table 1 that
the fraction of the f wave dominates; its contribution to the Auger electron emission is over
90%.

Furthermore, one can see that the assumption (6) is accurate only for the matrix elements
calculated with non-spin-polarized wave functions. The differences between the radial parts
of the spin-up and spin-down functions calculated in the spin-polarized potential cause
differences of a few per cent in the transition probability values, as shown in table 1.
Nevertheless, we can estimate the singlet-triplet rati§ /a8 ~ 4.8. It has already been
shown that forS > T we havePags < Pyg. From the intensity values given in table 1, one
can obtain the spin polarization of Auger electrons of 0.121 in this simplified consideration.

For the surface atoms, the calculated results differ from those for atoms in the bulk.
The differences in the transition matrix elements are not substafjidl & 4.9 for surface
atoms), and the main effect on the spin polarization of Auger electrons arises from the
higher magnetic moment of the surface atoms. As a result, we have for the Auger emission
from the surface layePags = 0.136, again in this simplified model.

4.2. Symmetrized cubic orbitals

Let us improve the theoretical model of section 4.1 in order to distinguish separate d states
which have a different spatial orientation. We consider the symmetrized combinations of the
d orbitals that belong to the irreducible representatiopsufd Ty of the cubic symmetry
group. Both the energy distribution over the valence band and the spin polarization are
different for the electron states ofynd T,g symmetry [26]: the Fe Z; subband has 2.7
and 1.6 electrons in spin-up and spin-down states, respectively, whereag subliEnd
has 1.9 and 0.7 electrons correspondingly. The different orientations of orbitals could be
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important for the angular dependence of the intensity and the spin polarization of the Auger
electron emission.

Table 2. Calculated Auger transition probabiliti€8/2),, ., (¢ is a symmetry—spin parameter,
the d-orbital indices areél,2,3,4,5) = (xy, yz, xz,x% — y2,3z2 — r?), and all values are
multiplied by a factor of 18). The emitter position is as for table 1.

82

a 120 3 4 5 U2 3 4 sl

1t x 0.756 0.0 0.075 1.102 0.958 1.579 0.0 1.844 0.405
2t — X 0.722 0.0 0.0 0.156 0.150 0.150 0.0 0.0
3t — — X 1.015 0.218 0.0 1511 0.958 0.020 2.331
44 — — — X 0.0 2.138 0.0 1.236 1.795 0.928
5 — — — — X 0.176 0.0 1.182 0.928 0.079

1/ 0968 1.598 0.0 1861 0.409 x — — — —
2} 0158 0.151 0.151 0.0 0.0 0.741x — — —
3/ 00 1.525 0.968 0.020 2.359 0.0 0.709x — —
4] 2158 0.0 1.250 1.809 0.937 0.072 0.0 0.99& —
5/ 0.176 0.0 1.197 0.937 0.079 1.080 0.0 0.214 0.0 x

In table 2 the calculated Auger transition probabilities for different symmetry—spin
combinations of the valence d states for the Fe atom in a cubic lattice can be found.
It should be noted that these values were calculated according to (3), but only the direct
Auger electron wave was included in the scattering path opefatoAbove the diagonal
the values for the spin-up Auger electroms=£ 1) are given, whereas under the diagonal
the values for spin-down states (= |) can be found. One can see that only half of
the different d-orbital combinations could create a configuration contributing to the Auger
electron intensity. Except for certain combinations where the Pauli principle applies (the
corresponding cells are denoted kyin table 2) or where spin conservation holds (these
cells are denoted by —), the angular integration involved in the Auger transition matrix
elements (1) provides zero contribution (0.0 appears in the corresponding cells). It should
be noted that for directions of escaping Auger electrons other than that of the surface normal,
these disappearing contributions retain their zero value, whereas the non-zero values of the
Auger transition probabilities (3) can be different, due to the dependence of the scattering
path operatoB; , (k) on the Auger electron momehkt Owing to the radial integration over
wave functions which are solutions in the spin-polarized potential, assumption (6) is valid
only approximately. For example, the Auger transition probability for the symmetry—spin
combination(xy|, yz1), 1.598, differs by a few per cent from that fory+t, yzJ), 1.579.

It can be seen from table 2 that the calculated Auger transition probabilities have
quite different values. The differences can exceed an order of magnitude. This means
that for the given geometry of the Auger emission measurements, some of the d orbitals
provide a dominant contribution. This can however affect the Auger electron intensity
(and consequently, spin polarization) only insignificantly, if the increasing contribution of
any orbital configuration is compensated by decreasing contributions from other orbitals
belonging to the same irreducible representation of the cubic symmetry group. Another
situation is seen in the case of decreased symmetry at the surface, where the energy
degeneracy of the subbands is removed. Owing to the occupation numbers being different
for separate subbands, the spin polarization of the Auger emission from the surface layer
increases tPaes = 0.154. For the atom in the bulk we have the same occupation numbers
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for the three 4 orbitals, and this is the case for the twg &rbitals too. In spite of the
difference in occupation of the,§ and E orbitals, the intensity values are very close to
those calculated for the same occupation for all d states. As a result, the value of the
spin polarization is practically unchanged (0.120) from that for the case where we do not
distinguish the separate d orbitals.

4.3. The effect of the electron diffraction

The role of the spatial orientation of the d orbitals in the formation of the spin-polarized
Auger electron distribution increases if in the calculations the scattering of escaping electrons
by the surrounding atoms is taken into account. Without Auger electron diffraction, the
contributions to the intensity decrease smoothly in going from the surface layer to the
inside of the crystal. Diffraction effects change the situation considerably, increasing the
contributions from the deep layers. It could be concluded that in Fe, for energies of about
700 eV, the forward scattering seems to be important.

18 T T T T T T
L@
16 |- -
°
14 | .
o
12 ® ® o o -
S
: 10 | | | | | |
o T T T T T T
5
N b
5 )
S 16 . _
£
o
(7] .\.
14 | O / -
o—° o
| O>< o/
12 o o o— 4
10 | | | | | |
0 1 2 3 4 5

Atomic layer

Figure 1. The spin polarization of Auger electrons emitted from different atomic layers
(the surface layer is numbered 0). The calculations are performed (a) without and (b) with
electron diffraction taken into account. Open symbols denote the results obtained with the
same occupation numbers for all five d orbitals, while solid symbols denote those for different
occupations of the Z; and E orbitals.

It was already pointed out in the preceding subsection that the effect of different
occupations for the d orbitals having different orientations is noticeable only for the surface
layer, where the cubic symmetry is broken. Including the electron scattering leads to
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calculated results which are very sensitive to the occupation numbers of the orbitals. From
figure 1 one can see the changes to the Auger electron spin polarization that occur if the
scattering is included in the calculations. For most positions of the emitters, the crystal-
field splitting and the electron diffraction lead to increasing spin polarization of the Auger
electrons. For the surface layer emission, we ob#igs = 0.157, whereas the average
value after summation over emitter positions in six atomic layers is equal to 0.141.

5. The convoluted density of states

In section 4 we have discussed the integral spin polarization of the Auger spectrum. It
seems interesting to study the spectral distribution of the polarized intensities (2) of Auger
electrons. Indeed, the intensity (2) is determined by the convoluted valence DOS, and should
reflect the energy distribution of the valence electron states. Moreover, the orientation of
a special d orbital could determine the angular distribution of the Auger electrons at any
energy if this orbital dominates in the Auger intensity at this energy.

T2g(up)-T2g(up)

15t | T2g(up)-T2g(down) | | T29(down)-T2g(down)
10F
5|
0
15} T29(up)-Eg(up) {} — T29(up)-Eg(down) { | T2g(down)-Eg(down)

....... Eg(up)-T2g(down)

15} Eg(up)-Eg(up) 1L Eg(up)-Eg(down) 1|1 Eg(down)-Eg(down)

10¢

5_ 4 F

0 /\/\ i

10 8 6 4 2 0 108 6 4 2 0 108 6 4 2 0
Energy (eV)

Figure 2. The convoluted Fe partial DOS (arbitrary units).

The convoluted partial DOS are presented in figure 2. One can see that due to the highest
occupation the J31—Txg?t convolution has the highest intensity. The intensity decreases in
going from Tog to Ey, from spin-up to spin-down states, according to the subband occupation
numbers. Different combinations of the partial DOS produce convolutions giving different
energy distribution curves. However, it is possible to find general features determined by
the energy distributions of the valence states. For example, the peak at the energies of
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—1to -2 eV is caused mostly by theyfE states, whereas,Jt states give the dominant
contribution to the peak at4 to —5 eV. Only the triplett— combinations contribute to
the shoulder at-7 to —8 eV, whereas the¢—| contributions are localized at3 to —4 eV.

50 ———7——1——1——T——
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T

[N
o
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Energy (eV)

Figure 3. Contributions to the Fe 4VV spectrum from different orbital combinations:og-
Tog—solid line; E;—Eg—dashed line; 3—Eg—dotted line.

6. Discussion and conclusions

Using expression (2) we can calculate the contributions to the Auger spectrum intensity as
separate terms in the sum ovegrg,. If we compare the convoluted partial DOS (figure 2)
with these contributions, which are presented in figure 3, the effect of the Auger transition
probabilities (M2),,,, becomes clear. First, the most intensg-T,y DOS convolutions

do not dominate in the Auger spectrum. The biggest contribution comes fromyghe T

Ey combinations, producing almost half of the spectral intensity. Second, the form of the
spectral line is determined mostly by singlet transitions. One can see from table 2 that there
are no triplet contributions to the spectrum from the-l; combinations. The shape of the
Toq—Tog contribution is the 331—Tog) DOS convolution only slightly modified by—t or

J—| terms: for the spin-up Auger electrons, the triplet transitions enhance the peak at the
energy—4 eV, whereas for the spin-down Auger electrons, they contribute to the intensity
at—2 eV.

The calculated Fe 4VV spectrum is presented in figure 4. The majority-spin
contribution has a two-peak structure: the high-energy peaklatV and the wide peak at
—4.5 eV. The maximum of the minority-spin intensity is located between these energies, at
—2.5 eV. The energy positions of the spectral features are in very good agreement with the
experimental results [9].

It can be seen from figure 4 that the spin polarization of the féVLAuger electrons
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Figure 4. The Fe I3VV spectrum, and the majority-spin (solid line) and minority-spin (dashed
line) contributions.

is positive over the whole energy range of the spectrum. The spin polarization is higher
on the low-energy side of the maximal value of the intensity; in this energy region the
spin polarization exceeds the averaged-over-the-spectrum—or integral—value of the spin
polarization. The experimental results [9] show the maximal valuB,p = 0.27 at 2 eV

lower kinetic energy than the intensity maximum, i.e—#5 eV on our energy scale. The
calculations give for this energgags = 0.23, and the spin polarization increases even more
for lower energies (with decreasing intensities).

Thus, the calculated results show that, in the case of a non-polarized initial core hole,
the spin polarization of the Auger electrons is set essentially by the polarization of the
valence band. It should be noted however that, due to the values of the singlet transition
probabilities being higher than those of triplet ones, the valu®@gt should be always
smaller thanP,g (see equation (7)). The calculated valuePafs is modified if we take into
account the orientation of the d orbitals, and include the breaking of the cubic symmetry at
the surface. Involving the spin-dependent scattering of the escaping Auger electrons leads
to an increase iPags in the case considered.

In the experiment described in [9], the integral valBgs = 0.2 has been obtained,
whereas our calculations give a smaller value of about 0.15. In order to explain this
difference we have to consider other factors which could also affect the spin polarization
of the Auger electrons.

First, in the case of the off-resonance Fg/V spectrum, there are two channels for
creating the k core hole: direct photoionization, and thglLisM,s super-Coster—Kronig
Auger process. In [9], it is pointed out that the latter contributes less than 8% to the
intensity, and could not change the spin polarization significantly. Nevertheless; toed.
hole created as a result of the super-Coster—Kronig transition is polarized, and consequently
an increase inPags of a few per cent would be possible.

Second, the dependence of the Auger transition matrix elements on the energy of the
valence states [27, 28] could influence the integral spin polarization. In fact, if the electron
states at the bottom of the valence band were to contribute to the Auger intensity with
higher weight, the integral spin polarization could be enhanced. Finding a way to include
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the energy-dependent matrix elements in our theoretical model seems to be a very important
problem, which should be considered in our further work.

It seems interesting to study in more detail the Auger electron distribution for different
energies in the spectral energy range. Indeed, it follows from figure 3 that the ratio of
the B, and T4 contributions and their contributions in the formation of the Auger electron
intensity are different at the energies-ef eV and of—4.5 eV. These differences could be
manifested in the angle-resolved Auger spectra. The theoretical study of this question is in
progress now.

Acknowledgments

We are indebted to Dr N RMiller for stimulating discussions. This work was supported by
the Deutsche Forschungsgemeinschaft under Grant No 436UKR17/2/96.

References

[1] Schneide C M and Kirschner J 199€rit. Rev. Solid State Mater. SA0 179
[2] Hermsmeier B, Osterwalder J, FriedmB® J and Fadle C S 1989Phys. Rev. Leti62 478
[3] Clarke A, Brookes N B, Johnson P D, Weinert M, Sinko® and Smith N V 1990Phys. RevB 41 9659
[4] Sinkovic B, Johnson P D, Brookes N B, Clarke A and Smit V 1995Phys. RevB 52 R6955
[5] Stoppmanns P, David R, Mler N, Heinzmann U, Grieb H and Noffke J 1994 Phys.: Condens. Matter
6 4225
[6] Muller N, David R, Snell G, Kuntze R, Drescher Mp®ering N, Stoppmanns P, Yu S-W, Heinzmann U,
Viefhaus J, Hergenhahn U and Becker U 19%lectron Spectrosc. Relat. Phenor2.187
[7] Fuchs P, Totland K and Landolt M 1998hys. RevB 53 9123
[8] Landolt M 1985Polarized Electrons in Surface Physied R Feder (Singapore: World Scientific) ch 9
[9] Sinkovit B, Shekel E and HulbeS L 1995Phys. RevB 52 R15703
[10] Presilla C and Sacchetti F 1987 Phys. F: Met. Physl7 779
[11] Rennert P and Kucherenko Yu 1995Electron Spectrosc. Relat. Phenors.157
[12] In spite of the fact that this assumption is widely used for the interpretation of Auger spectra of solids, it is
not correct, and has to be improved. The matrix elements may vary by a factor of two over the range of
the valence band (see, for example, [28]).
[13] Pendy J B 1974Low-Energy Electron DiffractioffLondon: Academic)
[14] Lee P A and PengrJ B 1975Phys. RevB 11 2795
[15] Fadley C S 1984Prog. Surf. Scil6 275
[16] Rennert P and ChassA 1987Exp. Tech. Phys35 27
[17] Speder O, Rennert P and Chags 1995Surf. Sci.331-3331383
[18] Marre K, Neddermeyer H, Chas#\ and Rennert P 1996urf. Sci.357+358233
[19] Rennert P, Nick W and ChagsA 1996 Surf. Sci.357+358260
[20] Hillebrecht F U, Rose H B, Roth C and Kisker E 1995Magn. Magn. Mater148 49
[21] Rose H B, Hillebrecht F U, Kisker E, Denecke R and Ley L 199%4agn. Magn. Mater148 62
[22] Rennert P, Nick W and ChassA 1996Phys. RevB 53 14262
[23] Mattheis L F 1964Phys. Rev133A 1399
Mattheis L F 1964Phys. Rev134 A970
[24] von Barth U and Hedin L 19723. Phys. C: Solid State Phys.1629
[25] Haydock R 198(5olid State Physicgol 35, ed H Ehrenreich, F Seitz and D Turnbull (New York: Academic)
p 215
[26] Papaconstantopoldd A 1986Handbook of the Band Structure of Elemental So{idsw York: Plenum)
[27] Fowles P S, Inglesfidld E and Weightman P 1991 Phys.: Condens. Matte& 641
[28] Kucherenko Yu N 199%9. Electron Spectrosc. Relat. Phenor2.181



