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Abstract

Angular profiles of “Kikuchi” and Auger electrons were measured and inter-
preted for a clean Ni(100) surface and a slightly oxidized Mg(0001) surface. Theo-
retical analysis of the data using forward focusing of the medium-energy electrons
(500-1500 €V) shows that both Kikuchi and Auger electrons can be well represented
as s-waves emitted from atomic sites. The Auger electron data are used to analyze
the structure of slightly oxidized Mg(0001), yielding oxygen atom positions in the
octahedral interstitial sites in the first two interlayer spacings of the metal.

1 Introduction

Structure determination with the help of forward-focused medium-energy elec-
trons has recently been shown to have great potential [1},(2],[3],(4],[5],(6],[7],[8]. Suit-
able electrons have mostly been generated through photoemission and Auger emis;
sion, with kinetic energies in the range of 500 to 1500eV. In this paper, we start by
investigating the same phenomenon with a different source of electrons: inelastically
scattered electrons of similar energies, which can be called Kikuchi electrons to re-
flect the importance of seattering-subsequentto their energy loss [9]. Several other
authors [10],[11],{12],[13] have also investigated Kikuchi electrons. Gomoyunova et
al[10] correctly interpreted angular Kikuchi electron distributions for Mo(100) in
terms of peaks due to electrons emitted preferentially along atomic chains, but
could not obta-.in a quantitative interpretation of their data.

Electrons with medium energies are strongly forward focused by atoms in their
path, especially by atoms near the electron source. By that mechanism, peaks in
angle-resolved electron distributions are produced that correspond to interatomic
directions. These peaks can then be used to determine the geometrical surface
structure by comparison with a corresponding theory. In the case of Ni(100), we

apply a theory that assumes an s-wave initial state centered on nuclei and incor-



porates multiple scattering. We show that this theory provides an equally good
description of Kikuchi and Auger electron angular distributions. This strengthens
the same conclusion drawn earlier from the experimental observations [9].

In a second part, we analyze the structure of oxygen deposited on Mg(0001),
with the help of Auger electrons generated in the oxygen atoms. It is shown that
the forward focusing technique helps greatly in determining the oxygen site. The
technique is particularly convenient for distinguishing between such sites as adsorp-
tion in an overlayer, and interstitial or substitutional absorption within the surface.
Thus the oxidation state of a metal or other surface can be readily investigated for
structure. Similar studies based on single scattering of photoelectrons have been
performed on the NiO(100) surface. [14]

Previously[15], the O/Mg(0001) data used here have been analyzed with a plane-
wave single-scattering model. This already provided a preliminary surface structure.
The present work extends this analysis with a curved-wave single-scattering theory
and with a complete multiple-scattering formalism.

Our multiple-scattering theory uses the formalism called “near-field expansion
in clusters”, described elsewhere[16]. It is specifically designed to describe for-
ward focusing accurately and efficiently, despite the relatively high electron ener-
gies. Thereby the measured angular electron distributions can be modeled for many

plausible surface structures [8].

2 Experiment

2.1 Data for O/Mg (0001)

The measurements for O /Mg (0001) were performed in a stainless steel UHV vessel
with a base pressure of 10~!° mbar. Besides facilities for sample preparation such as
an argon ion gun and indirect heating, the apparatus is provided with a conventional
LEED optics, a separate Auger electron gun and spherical electron energy analyzer
combined with a channeltron detector. As displayed in Fig.1 the sample can be

rotated to face either the LEED optics or the Auger gun and analyzer. Optics and



analyzer are mounted on a turntable which is rotatable around the sample. In such a
way angular profiles can be taken with sample position and incident beam direction
fixed in space. Careful adjustment is necessary to ensure that during rotation the
spectrometer remains focused on the primary beam’s spot at the sample.

For the measurements presented here the analyzer is operated without preretar-
dation, providing a resolution independent of energy. The distance between sample
and spectrometer entrance slit is 23 mm, which determines the angular aperture
to be 3 degrees (polar direction). The primary beam (5 pA, 2 keV) is made to hit
the surface at 65° off normal with a diameter of almost 1 mm. The spectrometer
energy is modulated with an amplitude of 2 eV and the corresponding ac signal
of the channeltron is read by a lock- in amplifier. A personal computer stores the
differentiated Auger spectra at each polar angle, which is varied in steps of 2° .

The Mg sample is a single crystal of 4N purity. Mechanical (1 gm grain) pol-
ishing was followed by electropolishing according to procedures known from the
literature {17],[18], [19]. Several cycles of argon ion bombardment (500 eV, 15 min)
and subsequent heating (500 K, 2 h) led to an almost clean surface with faint im-
purities of carbon and oxygen as displayed in Fig. 2a. The LEED pattern of this
almost clean surface is given in Fig. 3a showing relatively sharp diffraction spots
and low background.

With the surface exposed to oxygen at room temperature the oxygen signal at
503 eV starts growing while the Mg signal at 45 eV simultaneously decreases. The
ratio of peak-to-peak heights of both signals can be taken as a measure for the
coverage or degree of oxidation. So, for Mg/O > 20 the surface can be viewed
as practically clean with Auger spectra and LEED patterns as displayed in Fig.
2a and Fig. 3a, respectively. For Mg/O < 20 the low energy part of the Auger
spectrum changes significantly as demonstrated by Fig. 2b. A new peak appears
at 27 eV which can be interpreted by a cross transition Mg?*(L,3) 0?~(L,) Mg(V)
growing in amplitude with increasing oxygen exposure. The same holds for the 34
eV peak, which for the clean surface is a Mg(L; L,3 V) transition but with in-

creasing oxygen density the signal is dominated by the cross transition Mg?*(L,3)
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02-(L,3) O*~(L,3). The appearance of cross transitions demonstrates that oxygen
is chemisorbed rather than physisorbed. Figs. 3b-d display the LEED patterns as
developing with decreasing ratio Mg/O. For Mg/O < 10 the spots start to broaden
with simultaneous appearance of background intensity. For Mg/O < 1/20 (not
shown) the background dominates the pattern, i.e. spots show only very weak
intensities. This demonstrates that with increasing oxidation long range order dis-
appears within the surface slab. Similar observations were reported earlier[18],[19],
[20] together with intermediate or final development of superstructure spots which,
however, are not observed in the present investigation.

Angular resolved Auger measurements were taken for different stages of oxida-
tion and for the transitions Mg (34 eV), MgO (34 e€V) and O (503 eV). In the
present work we concentrate on the oxjgen transition at 503 eV. Polar profiles were
measured for azimuths both along [210] and {100] directions as displayed in Fig. 4
for different ratios of Mg/O. The data correspond to the peak-to-peak heights H,,
of the transitions. The vertical error bar is given at the right end of the profiles,
the angular uncertainty is £+ 0.2 dégrees. Although the vertical error bar is larger
than some of the peaks, most of the latter could be safely reproduced by different
measurements. The observed asymmetry in Fig. 4 could be due to oxygen favoring
one type of double-height steps or due to the unbalancing of terraces by adsorption
[equal probability of the two possible surface terminations of hép(OOOl) would pro-
duce symmetrical curves, as was observed for clean Mg(0001) using Mg transitions].
As demonstrated by Fig. 4, thé profiles do not dramatically change with decreasing
ratio Mg/O. So, only the profiles for Mg/O = 6 are subject to a theory - experiment

fit presented in section 5.

2.2 Data for clean Ni(100)

The measurements for angular dependent Auger emission from Ni(100) were per-
formed in a much different way. As described in detail earlier[9], a conventional
3-grid LEED optics was used to detect inelastic electron intensities by a spot pho-
tometer. In this way both Kikuchi intensities and - by modulating the suppressor
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voltage - Auger intensities were accessible at any point of the screen. Polar and
azimuthal profiles were taken for the Kikuchi pattern at 850 eV and for the Auger
L3;VV transition at the same energy. The angular resolution for polar profiles varies
between 4.9° and 5.3°, while for azimuthal profiles rather large values result, i.e.

9.6° for 8 = 29° and 15° for 8 = 18°.

3 Theory

A recent theoretical formalism has been developed to describe both the pronounced
forward-focusing and the multiple scattering that prevail at the medium electron
energies (200—5000 eV). Forward focusing is due to the individual atomic scattering

amplitude: a plane wave representing an electron scatters primarily within a forward

- cone which has a half-width of about 10°. This requires inclusion of high angular
.momenta., e.g. up to Iz = 19 for Ni at 1000 eV.

Multiple scattering is important when electrons scatter from successive atoms
along a chain of atoms. This is very common in crystalline materials, including clean
and modified surfaces. The combination of high angular momenta in atomic scat-
tering and multiple scattering, as well as high energies, prevents the use of standard
LEED formalisms. Therefore, the method called “near—field expansion in clusters”
(NFEC) was developed, which is based on the “Taylor series, magnetic quantum
number expansion” (TS-MQNE), first used to describe angle-resolved photoelec-
tron emission fine structure (ARPEFS) [21,22]. The NFEC method is described in
reference([16] while its application to forward focusing of Auger electrons is explored
in references(7],(8].

Two levels of single-scattering approximation were applied in our simulations of
Auger emission from O/Mg(0001). A number of structures was first analyzed with
a i:)lane-wave version of single-scattering theory [15]. Another set of structures,
partly overlapping with the first set, was analyzed with a more accurate curved-
wave single-scattering theory: this is the NFEC theory limited to one scattering
only.



The assumption of an s—wave emission can be supported by the theory of Auger
emission [23]. If we assume a spherically symmetric potential as probably valid for
the deeper levels, selection rules give for the final-state angular momentum ;:

-l -Lll < <L+ L+l
and

I+ s+ Ik + I} = even,
if 1;, lx, I; are the three levels involved the transition. _

Let us apply these relations to the case of the KL; 3L, 3 transition in oxygen,
which involves the angular momenta (I;,, ;) = (0,1,1). They imply that 0 < I;
< 2 and lf + 2 = even, i.e. Iy = 0 and/or 2. At our higher energies, the Iy = 2
contribution is relatively small. '

For the theoretical analysis, we used 20 phase shifts which are based on the
Moruzzi-Janak-Williams potential [24] for Ni, and on a Tong-Puga surface poten-
tial [25] built from Herman-Skillman wave functions for O and Mg. The lattice
parameters are a=3.52 A for Ni and a=3.21 A4, ¢=5.21 A for Mg. Debye tempera-
tures for Ni, Mg, O are 335K, 400K and 843K respectively. An energy-dependent
electron mean free path was used, with values of 22.5 4 at 850 eV and 17.0 A at
503 eV. Note that the incident primary electrons are damped a.s they penetrate into
the surface, such that the probability of electrons leaving any given layer decays
exponentially with depth. This damping is also simulated with mean free paths.
An acceptance angle of 5.0° in polar angle and azimuth was used in the computation

to represent the experimental aperture.

4 Application to Ni(100)

Figures 5 and 6 show measured and calculated electron distributions from Ni(100).
Measured Kikuchi and Auger electron distributions are included separately. It is
readily seen that these two kinds of electrons produce very similar distributions.
The differences are of the size of the experimental uncertainties (see the deviations

from the expected four-fold and mirror-plane symmetries in the § = 29° azimuthal



plot of Figure 6).

The electron distributions of Figures 5 and 6 were calculated with the same
settings for energy and angle as in the experiment. These calculated distributions
fit the large majority of experimental peaks well. The main exceptions occur at the
larger angles in the polar plot for ¢ = 30°. These correspond to weak intensities,
where we have previously seen that the multiple- scattering formalism and Auger-

based experiments do not match well peak for peak [8]. This may be a limitation

- of the s-wave assumption.

Only the peaks in the ¢ = 0° polar plot and the normal-emission peak in the ¢
= 30° polar plot are forward- focusing peaks.

All other peaks are interference peaks due to combinations of paths that inter-
fere to produce maxima in the distributions. This illustrates the great danger of
assuming that peaks must necessarily correspond to interatomic axes. One is not
likély to make that mistake with a simple fcc(100) surface, but with complex struc-
tures it is not a priori possible to tell which peaks are due to forward focusing and
which are due to interference. Thus a fnodel calculation is required to understand
the measured distributions in those circumstances. This will be quite obvious in

the case of O/Mg(0001), described in the next section.

5 Structure of O/Mg(0001)

As described in section 2, we have strong evidence that oxygen can penetrate into the
Mg(0001) surface under our experimental conditions. Therefore, we have simulated
angle-resolved Auger emission distribu(tions for a variety of oxygen positions, both
above the Mg surface and below it.

The models which we have tested with curved-wave single scattering assume a
single oxygen atom surrounded by an infinite clean Mg(0001) surface. The other
calculations, based on the more exact curved-wave formalism, have 1/6 coverage of
oxygen, arranged arbitrarily and for computational convenience in a (2x3) mono-

layer lattice in a finite cluster. The coverage of oxygen is close to being irrelevant



in the theory, because the chance of electrons emitted from one oxygen atom being
significantly perturbed by other oxygen atoms is very small at our low coverage.

The models are illustrated in Figure 7 and listed next, using the ABAB... reg-
istry notation to denote Mg layer stackings, with lower case letters applying to
oxygen and parentheses denoting substitution for Mg atoms:

- (a)BABA... , A(b)ABAB... and AB(a)BABA... : substitutional absorption in
the place of Mg atoms; included is a model in which the substituted Mg atom of
the top Mg layer moves into an overlayer position at an hep lattice site next to the
oxygen; |

- cABAB... and bABAB... : overlayer adsorption in fcc or hep hollow sites;

- cAcBABA... : simultaneous adsorption in fcc hollow sites and interstitial
octahedral absorption between the first and second Mg layers;

- AcBABA... , ABcABAB... and AcBcABAB... : underlayer interstitial ab-
sorption in octahedral sites between the first and second Mg layers, or between the
second and third Mg layers, or between both sets of layers;

- AaBA'BA.... and AbBABA... : underlayer interstitial absorption in tetrahedral
sites between the first and second Mg layers;

- AcBcAcBABA... : interstitial octahedral absorption below the first three Mg
layers. | .

Simultaneous adsorption in different sites is modeled with incoherent superpo-
sition of the distributions due to each separate site. We have tested these basic
models against each other by use of the two levels of single-scattering approxi-
mation described in section 3. With the plane-wave single-scattering calculations,
many models could already be excluded.

The quality of the curved-wave single-scattering approximation for this case
is illustrated in Figure 8 (curves e vs. f) by comparison with multiple-scattering
results: it is more than adequate for our structural determination. The reason why
this single-scattering approximation is so good in this case is that the interstitial
oxygen positions are not aligned with chains of Mg nuclei. Thus there is relatively

little multiple scattering taking place along chains of atoms, which would cause such



effects as defocusing described in reference(7].

After a large number of variations of interlayer spacings within the aBove models,
the best among them appears to be the one labeled AcBcABAB..., i.e. interstitial
absorption below the first two Mg layers, with interlayer spacings of 1.35A4 between
Mg and O layers and the bulk value of 2.605A. Representative Auger electron dis-
tributions are shown in Figure 8, using the curved-wave single-scattering approxi-
mation. The best structure is confirmed by a multiple-scattering test performed on
this structure and shown in Figure 8.

Remaining discrepancies between the theoretical and experimental curves could
be due to various factors. Besides experimental inaccuracies, uncertainties may be
introduced by our s—wave assumption and by not allowing for the possibility of other
adsorption or absorption sites, together with local oxygen-induced distortions.

Thus the best structure model for 1/6 coverage of oxygen on Mg(0001) is found
to ha.ve octahedrally-bonded interstitial oxygen within the first two magnesium
interlayer spacings, which are thereby expanded by about 0.14 from 2.6054 to
2.704 . | |

Since the oxygen coverage is not a sensitive quantity in our analysis, our forward-
focusing results do not imply a confirmation of the experimental 1/6 monolayer
determination. Also, we have not attempted to determine the relative concentration
of oxygen at different depths. Clearly, this could be done in principle by optimizing
the incoherent mix of contributions from different depths. But the level of agreement

between experiment and theory is not good enough to embark on such an analysis.

6 Conclusions and Discussion

6.1 Kikuchi Electron Emission

With the help of multiple-scattering calculations, we have explored the close sim-
ilarity between experimental angular distributions of Kikuchi and Auger electrons
emitted from Ni(100). It is found that an isotropic s-wave centered on an atomic nu-

cleus describes well the initial wave after the energy loss process. The same s-wave



model can therefore be used for both Kikuchi and Auger electrons.

It is pointed out that not only forward-focusing peaks appear in such exper-
iments: interference peaks can be just as prominent. As was already discussed
previously (7], there does not seem to be an easy way to distinguish these types of
peaks, except by making computer simulations. Therefore, especially with compli-
cated surface structures, it is necessary to simulate the emission process to obtain

reliable structural information with this technique.

6.2 Structure of Oxidized Mg(0001)

With angle-resolved Auger electron emission from oxygen, we have determined the
surface structure of slightly oxidized Mg(0001). We find the oxygen atoms to occupy
octahedral sites below the first and second Mg layers, causing a small expansion by
about 0.14 of the corresponding interlayer spacings.

The absolute coverage would be difficult to determine by this method. The
relative concentration of oxygen at different dépths could possibl}-r be obtained, if
the agreement between éxperiment and theory were better.

The technique of forward focusing of electrons (whether Auger, Kikuchi or pho-
toemitted electrons) has once again proven itself very capable of an otherwise more
difficult task: the determination of the adsorption or absorption site of adatoms at
surfaces. | |

An important observation is made here for the case when the emitting atoms
are not in positions aligned with chains of nearby atoms. Then the single-scattering
approximation is very good and quite sufficient for structural determination. The
reason is that few nearby atoms are then shielded from the emitter by other atoms,
so that multiple scattering from one atom to another is unlikely. The basic as-
sumption here is that the forward-scattering cone of any nearby atom is sufficiently

narrow to not include other nearby atoms.
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Figure Captions

Figure 1. Part of the central experimental setup. The broken line indicates the

limits of rotation for the spectrometer.

Figure 2. Auger spectra for the almost clean surface (a) and in the low energy

region for decreasing values of Mg/O (b).

Figure 3. LEED patterns for (a) Mg/O > 20, E = 103 eV, (b) Mg/O =6, E =
105 eV, (c¢) Mg/O =4, E = 106 ¢V and (d) Mg/O =1, E = 105 eV.

Figure 4. Polar profiles of the O-KL; 3L, 3 (503 eV) transitions along [100] and
[210] azimuths for different ratios Mg/O.

Figure 5. Experimental angle-résolved distributions of emitted Kikuchi electrons
(dashed lines) and Auger electrons (dash-dot lines) for Ni(100), compared with
theoretical calculations (full lines). The kinetic energy is 850eV. The two panels
show the polar-angle dependence for two fixed azimuths ¢ ; ¢ = 0° refers to the
[011] crystallographic direction and § = 0° corresponds to normal emission. The

vertical scales have been arbitrarily normalized to allow comparison of peaks.

Figure 6. As Figure 5, but showing with polar plots the azimuthal dependence

at two fixed polar emission angles 8 ; ¢ = 0° corresponds to the [011] direction.
Figure 7. Adsorption and absorption sites on Mg(OOOl).
Figure 8. Calculated and measured polar-angle distributions of emitted O(K2 3L, 3)
Auger electrons (530 eV) from O/Mg(0001) in the [210] azimuth (right panels)

and [100] azimuth (left panels). For the calculated curves, different adsorption
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and absorption sites, as labeled in the text, are assumed: (a) cABABAB.... (b)
AcBABAB.... (¢) ABCABAB.... (d)cAcBABAB.... (e) AcBcABAB.... with the
curved-wave single-scattering model and (f) AcBcABAB.... with multiple-scattering
model. The dot-dash line (g) gives the experimental data, peaks being emphasized
by vertical bars. )

15
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