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Structural Characterization by Low Energy Auger Electron and Photoelectron Scattering
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The angle-resolved electron intensity patterns of low energy Auger electrons and photoelectrons are
calculated using a quantum mechanical electron scattering formalism with the inclusion of appropriate
electron angular momentum. Calculations indicate that scattering of high angular momentum and low

energy electrons exhibit minima in the forward direction whereas low angular momenta or high energy
electrons exhibit maxima, as is experimentally observed. Comparison of experimental and theoretical
patterns allows for detailed structural characterizations.

PACS numbers: 61.14.Rq, 61.14.Dc

Energy- and angle-resolved electron intensity distribu-
tions have been successfully used in recent years for the
complete structural characterization of single-crystal
films, overlayers, and surfaces [1-5]. Structural parame-
ters can be extracted using various methodologies includ-

ing fixed emission-direction electron spectroscopy [21 and
fixed-energy, angle-dependent electron intensity mapping
[3-51. The experimental spectra of these proven tech-
niques can be accurately reproduced by quantum me-
chanical electron scattering theories for relatively high
energy (& 200 eV) electrons [1-4]. These complete an-
gular intensity mappings can be successfully Fourier
transformed under appropriate constraints to form elec-
tron holograms [6-9]. Although the analysis of high en-

ergy electron scattering is well understood, major dif-
ficulties are found to arise when lower energy electrons
are used.

In mapping the intensity of low energy Auger electrons
for a variety of different materials, Frank et al. [101
found angular distributions which conflicted with the in-
tuitive picture utilized for the scattering of higher energy
electrons and obtained from the current quantum me-
chanical electron scattering formalism [1,11]. In this
widely accepted picture, the angle-dependent variations
of the emitted electron intensity are dominated by large
electron intensity enhancements due to forward scattering
of the electron wave as it traverses nearby atomic poten-
tials. Instead of the expected intensity maxima, Frank et
al. found intensity minima. To describe these minima,
they proposed a physical model utilizing a more classical
approach of attenuation of the emitted Auger electron.
In this "blocking" model, atoms lying between the detec-
tor and the atomic site of the Auger emission block
transmission of the Auger electron.

The mechanism underpinning this model was counter
to the widely accepted forward scattering picture, produc-
ing strong objections to this "blocking" picture [12]. To
investigate this apparent controversy, Terminello and
Barton [13] examined isoenergetic Auger electrons and
photoelectrons in an attempt to isolate the source of the
phenomenon observed by Frank et al. Complete angular
distribution patterns (ADPs) of the M23M45M4s Auger

electron intensities taken from the Cu(001) surface were
compared to similar patterns for Cu 3p3t2 photoelectrons
of the same energy (56.6 eV). Interestingly, they found
that the Auger electron and photoelectron patterns were

strikingly different: The Auger emission showed intensity
minima along major crystalline directions, the photoelec-
tron emission showed intensity maxima. They therefore
concluded that electron scattering alone could be elim-
inated as the source of the differences, unless different
final states resulting from the different emission processes
played some crucial role (in particular, they speculated, if
Auger emission is dominated by electrons with l=2, d
character).

We show in this work that the features observed in the
full angle-dependent intensity profiles can be generated
by the basic electron scattering formalism, which has
been used so successfully in the past, but care must be
taken to include the final-state angular momentum of the
emitted electron. Our calculational scheme is a single
scattering cluster method [1,14] with the inclusion of
spherical wave corrections [15]. We use the Rehr-Albers
formalism [14] which is a general electron scattering
formalism beginning with the separable free-electron
Green's-function propagator. This formalism has been
encoded by Friedman and Fadley [16] for monoenergetic,
single scattering calculations.

The most insightful conclusions can be derived from a
calculation of the angle-dependent intensity map for
emission from Cu(001) to Pt(111). In Figs. 1(a) and
1(b) we compare the 56.6-eV 3p3t2 photoelectron angle-
dependent profile (where both !=0 and 1=2 final-state
momenta contribute equally) with the calculated 56.6-
eV, M3M4sM45 Auger electron profile (where we deter-
mine the dominant final-state angular momentum I to be
3). For the Auger transition, all the 2l+1 final-state
magnetic sublevels are equally populated (m =+3 to —3
for l=3 emission). The photoemission selection rules dic-
tate that only the magnetic sublevels for m = —

1 to + 1

for the l =2 Cu 3p photoemission are included in the cal-
culated intensity distribution. For these calculations, the
unpolarized photons are represented by two polarization
vectors, one along the detector direction and one orthogo-
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FIG. 1. Calculated angle-dependent electron intensity profiles for (a) Cu 3p photoemission (56.6 eV) from Cu(001) with emitted
electron angular momentum 1=0 and 2, (b) M&M4&M45 Cu Auger emission (56.6 eV) from Cu(001) with t =3, and (c) N6704s045
Pt Auger emission (65 eV) from Pt(111) with l=3. The color scale is reversed from Ref. [13] (bright is high intensity). The polar
angle (0'-90'} is measured outward from the figure center (which corresponds to normal emission) and the azimuthal angle
(0'-360') is measured around the figure perimeter. Sample orientation is indicated by the arrows which represent crystalline direc-
tions.

nal and within the surface plane. The inclusion of the ap-
propriate angular momentum character of the electron
emission reproduces the striking diA'erences observed by
Terminello and Barton. Whereas emission of a Cu 3p
photoelectron (I =0 and 2) produces intensity maxima,
emission of an Auger electron (l=3) produces energy
minima. As has been suggested earlier [16,17], it is the
combination of high angular momentum, low energy, and
small atomic distances which create reduced electron in-

tensities in the direction of forward scattering.
Determination of the outgoing angular momentum for

the Auger process can be made by examining the rela-
tive occupation of the allowed multiplets present in the
Auger emission. The multiplets for the Cu M3M45M45
(3p3d3d) transition include the following: 'G(3, 5),
F(3), 'D(1,3), P(1), and 'S(1) where the possible t

values of the emitted electron are indicated in the
parentheses, The 'G and F multiplets dominate, giving
nearly 90% of the total intensity, and these multiplets are
almost all exclusively l =3 [18]. In contrast the Pt
&6704s04s (4f5d5d) Auger transitions have the multi-

plets 'G(1, 3, 5, 7), F(1,3, 5), 'D(1, 3,5), F(3), and
S(3). In this case the multiplet intensities are more bal-

anced [19] because all multiplets contain !=3, and 1=3
still dominates. Utilizing the proper radial matrix ele-
ments [18] and expressions derived by Cherkendorff [20],
we find that I=3, electrons with f character, contributes
over 95% of the intensity for the Cu, and —90% for the
Pt, with l =1 dominating the small remainder.

It should be noted that hole-hole correlation eA'ects

present in the Auger process cannot alter the various an-

gular momentum contributions which we have calculated.
Within the final-state rule for Auger line shapes [21], it is

the initial state which determines the total contribution of
each component of the Auger intensities, while the final

state determines the spectral distribution of each com-
ponent. Thus, no redistribution of angular momentum
values occurs and we expect electron blocking for high
electron angular momenta regardless of the localization
of the Auger final state.

The value of the electron scattering formalism is that it
can predict the experimental results. In general, good
agreement is obtained between our calculated Cu Auger
angle-dependent map from Cu(001), the measured pho-
ton-stimulated Cu Auger mapping of Terminello and

Barton, as well as with the electron-stimulated Cu Auger
mapping of Frank et al. [22]. Not only do the intensity
minima for electron emission lie perpendicular to the sur-

face, but details of the intensity maxima are reproduced.
In Fig. 1 we have not included the eÃects of the in-plane

linear polarization of the photons generated by the syn-

chrotron, multiple scattering eA'ects, or the possibility of
anisotropic population of the magnetic sublevels. Includ-

ing multiple scattering might improve the quantitative
agreement, but the position of minima and maxima
should be unchanged [23].

The Pt(111) surface is another system which has been

experimentally mapped using low energy (65 eV)
N67045045 Pt Auger electrons. We have modeled the
emission from Pt(111) using only l=3 final-state angu-
lar momentum which dominates. The resultant profile,
shown in Fig. 1(c), shows intensity minima along neigh-

bor atomic directions in agreement with observed Pt
Auger intensity profiles [10]. Similar agreement between
experimental and single scattering cluster theory has been
obtained very recently by Gerber et al. [24] for low ener-
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gy LVV Al Auger emission where the contributions of the
s, p, and d character of the Auger emission are extracted
from the data.

To illustrate the mechanism which generates the strong
variations in forward scattering intensities, a refinement
to the intuitive picture for electron scattering must in-

clude the angular momentum dependence of the scattered
electron. To include the effect on the scattering by the
electron angular momentum, the atomic potentials can be
represented by an effective potential which incorporates
the attractive screened Coulomb potential with a repul-
sive centrifugal potential. The repulsive potential can be
described by an effective or average angular momentum

value, which is determined from a suitable partial-wave
decomposition of the incident electron in terms of the
spherical harmonics of the nearby scattering potential
and depends on the electron angular momentum, the elec-
tron energy, and the atomic spacing. The range and
strength of the centrifugal barrier increase as the angular
momentum of the scattering electron is increased [25].
This is not a rigorous description of the scattering poten-
tial, nor does it describe the actual scattering calculation,
but it is a useful construction to illustrate the mechanism
which leads to the intensity enhancements and reductions.

The additional centrifugal potential aff'ects the electron
scattering in two ways. For electrons with large angular
momentum, the combined effective potential develops a
significant repulsive barrier outside the attractive well.

Low energy electrons traversing the outer regions of the
atomic potential are repelled by the repulsive barrier be-
fore being focused by the inner attractive well. The re-
sulting scattering leads to a decreased intensity in the for-
ward direction. At slightly higher energies, the electrons

can penetrate the outer barrier and be forward focused by
the inner attractive well. At energies of a few hundred
eV, the electrons are nearly unaffected by the small
repulsive barrier and only interact with the strong attrac-
tive well, resulting in large forward scattering intensities.
Second, because the electron wave function is complex,
the centrifugal barrier generates an additional phase shift
for the scattered wave which can result in destructive in-
terference [26]. Our calculations show that both the
scattered intensity and accumulated phase are important
in defining the intensity mappings.

Although these calculations reproduce the salient
features of the simple classical picture of atomic blocking
proposed by Frank et al. [10], several significant dis-
crepancies remain. Contrary to the blocking model, re-
duced forward scattering intensities do not occur for all

low energy Auger electrons. Only Auger processes which
result in outgoing electrons of high angular momentum
will have a significant outer centrifugal barrier. Also,
strong high-order diffraction of the low energy electrons,
which is inherently present in our calculations, can result
in intensity features which simple atomic blocking fails to
predict [e.g. , no intensity minima along the (011) direc-
tions of the Cu(001) Auger pattern]. At higher energies,
forward scattering enhancements are always present and
no analogy with the blocking model is present. This final

point is most clearly seen in the modeling of the 357-eV
Ag Auger electron angular profiles for two monolayers of
Ag on Pt(111) (see Fig. 2) as well as individual mono-

layers of [/Ag/Pt(111) (not shown). (For Ag Auger
emission, we calculate 1=2 is dominant in the electron
emission. ) The best agreement between experiment and

the electron scattering formalism is obtained when the Ag
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F[G. 2. Aug]e-dependent electron intensity profiles for 357-eV Auger emission from 2 ML Ag/Pt(111). Left: Calcu]a«d P«fi]e

with I =2 foi 2 ML Ag/7 ML pt(] ] ]), Ag atoms all in threefold hollow sites (two domains equally represented). Center: Experi-
menta] intensity profile (from Ref. [271). Right: Calculated profile with 1=2 for 2 ML Ag/7 ML Pt(111), Ag atoms in atop-atop
sites (after Ref. [27]).
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(or I) atoms equally occupy the two domains of the three-
fold hollow sites, fcc stacking and hcp stacking sites, in-
stead of the unique atop-atop configuration suggested by
the blocking model [27]. Similar conclusions were ob-
tained by Hu and King [9] for the I/Ag/Pt(l I 1) system
modeled using only 1=0 emission.
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