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Auger Electron and Photoelectron Angular Distributions from Surfaces:
Importance of the Electron Source Wave
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Angular distributions of Auger electrons and of photoelectrons emitted at high ()500 eU) and low

(( 100 eV) kinetic energies are compared. The high-energy patterns can be interpreted as forward-

projected images of real space crystal geometry. At low energies, the angular distributions are dominat-

ed by diffraction effects, and the structural information is no longer obvious. On the other hand, the sen-

sitivity to the geometry and the atomic composition of the surface is here dramatically enhanced. More-
over, the angular momentum character of the source wave strongly influences these patterns.

PACS numbers: 61.16.—d, 79.60.Cn

The techniques of Auger electron and photoelectron
diffraction are established as valuable tools for the study
of structural problems on surfaces [1,2]. The advantages
of these methods arise from their sensitivity to the atomic
species under investigation and from a relative ease of in-

terpretation of the measured diffraction patterns. This
second property is restricted to electron energies above
300 eV and originates from the fact that the differential
elastic scattering cross sections are dominated by the
forward-scattering amplitudes [1,2]. This gives rise to
characteristic maxima in directions parallel to near-
neighbor bonds. As a consequence, the character of the
source wave, i.e., the wave of the excited electron prior to
crystal difl'raction, is of minor importance in this regime.
This is no longer true at low kinetic energies. Recent ex-
perimental findings [3,4] reveal that here the simple
forward-scattering scheme cannot be applied. In this
Letter, we demonstrate that one of the major needs is to
take into account the source wave character explicitly.

In an elegant experiment, Frank et al. [3] measured
the complete angular distribution of Auger electrons
emitted at 65 eV kinetic energy from the (111)face of a
Pt single crystal. Among others, they recognized how

valuable such 2tr intensity maps are to explore the physics
and chemistry of surfaces [4-10]. In order to draw quan-
titative conclusions, however, such measurements have to
be compared with an appropriate theory. Frank et al
[3,4] described these angular distributions, which in this
particular case show intensity dips along major inter-
atomic axes, as containing the "silhouettes" of near-
surface atoms "back lit" by Auger emission originating
from atoms deeper in the solid. They in fact concluded
that hitherto these intensity variations had been mistak-
enly attributed to elastic scattering and diffraction among
other processes. This provoked a series of Comments
which defended the established theories [11-14].

In pursuing an understanding of these experiments.
Terminello and Barton have presented new data [15]
which indicate that the low kinetic energy by itself cannot
explain the intensity dips along interatomic axes. As was
found before, e.g., by McDonnell, Woodruff, and Holland
[16], they observe a minimum in Cu M2, 3M4 sM4 s emis-

sion along the [001] direction from a Cu(001) surface.
On the other hand, they show that the Cu 3p photoelec-
tron flux from the same sample and at the same energy
exhibits a maximum along [001]. This led them to the
conclusion that the dips are not caused by any scattering
effect at all and that the character of the source wave

may influence the diffraction pattern. This same con-
clusion had been reached earlier by Aberdam et al. [17].
We would like to illustrate here the present understand-

ing of these effects.
We first discuss the high-energy case and compare in

Fig. 1 two stereographically projected photoelectron and

Auger electron 2z scans from Cu(001) at kinetic energies
of 808 eV (Cu 2p3t2) and 840 eV (Cu LMM) [18]. The
difl'raction patterns are very similar and consequently not

very sensitive to the source wave character. Maxima
occur along (011) nearest-neighbor directions as well as

along the [001] next-nearest-neighbor direction. A
second phenomenon is the appearance of well-defined sets
of bands that are centered at positions that correspond to
projections of high-density (111)and (001) crystal planes

[Fig. 1(c)l. They seem to be of a similar origin as the Ki-
kuchi bands known in electron microscopy [19] that have

been observed quite early also in Auger electron spectros-

copy [20]. Based on these experimental findings, one

might to first order neglect diffraction and broadly inter-

pret such data as projections of nuclear charge onto the
hemisphere above the surface [1,2,6-9], although a pre-
cise analysis must involve a full model calculation [1].

In going to low kinetic energies, the situation becomes
more complex, and the obvious structural information is

reduced to the symmetries of the surface under investiga-
tion. This does not mean that such patterns are insensi-
tive to the atomic structure of the surface. On the con-
trary, it turns out that diffraction patterns of low-energy
photoelectrons or Auger electrons are an excellent probe
for surface structure. In order to demonstrate this, we

compare in Fig. 2 high- and low-energy diffraction pat-
terns of Cu emission from two similar crystalline sur-
faces: Cu(001) and Cu3Au(001). In both systems the
atoms occupy the sites of a face-centered-cubic (fcc) lat-
tice, with lattice constants of 3.61 A (Cu) and 3.75 A
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Electron Emission from Cu(001):
Angular Distributions at High Energies
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FIG. 1. Stereographically projected electron diffraction pat-
terns at high kinetic energies. The electron intensities have

been measured starting from 78' off the surface normal, and

are given in a linear gray scale. (a) Si Ka excited Cu 2pyz pho-

toelectron diffraction pattern at 808 eV. (b) Mg Ka excited Cu

LMM Auger electron diffraction pattern at 840 eV. (c) Map of
all principal high atomic density axes and planes of a face-
centered-cubic (fcc) crystal projected on the hemisphere above

the (001) face.

(Cu3Au). In the ordered bulk phase of Cu3Au (T & 663
K), the cube corners are occupied by gold atoms and the

face centers by Cu atoms [Fig. 2(b)]. Our measurements

were done at room temperature, in which case the (001)
surface is known to be terminated by a mixed and or-

dered Cu-Au layer, while the second layer contains only

Cu atoms [21]. From Figs. 2(c) and 2(d), it is evident

that the structural difTerences between the two surfaces

are only weakly, if at all, reflected in the high-energy
difTraction patterns. The Cu 3p (1178 eV) patterns in

both cases mainly show the signature of the fcc arrange-
ment of atoms, no matter what atomic type or lattice con-
stant.

In strong contrast, the diff'raction patterns of the Cu
MMM transition at a low kinetic energy of 60 eV [Figs.
2(e) and 2(f)] are found to be significantly different for

the two surfaces. This striking sensitivity to bond length

and atomic type of scattering atoms bears the promise of
a very powerful structural tool, similar to low-energy

electron difTraction (LEED), but with additional chemi-

cal discrimination. The tradeoff we have to make in com-

FIG. 2. Comparison of the sensitivity of high- and low-

energy diffraction to the atomic structure of surfaces: (a)
Schematic representation of the unit ce11 of a face-centered-

cubic (fcc) Cu(001) surface. (b) Same as (a) but for a

Cu3Au(001) surface. (c) Mg Ka excited Cu 3p (1178 eV) pho-

toelectron diffraction pattern from Cu(001) and (d) from

CU3Au(001). (e) Cu MMM (60 eV) Auger electron diffraction

pattern from Cu(001) and (f) from Cu3Au(001). All data are

given in the stereographic projection, using a linear gray scale.

parison with high-energy photoelectron or Auger electron
difTraction is that the structural information is here much

less obvious, and that a rigorous theoretical description is

needed. One of the main reasons for the complications in

the low-energy case is that forward scattering is no longer

dominant, and that at the same time the wavelength of
the probing electrons approaches the size of the atoms.
Diff'raction aA'ects the intensity distributions strongly. In

addition, the character of the source wave has to be de-

scribed properly for a correct interpretation [10,17].
The angular momentum character of a photoelectron

or an Auger electron depends on the particular transition

involved: Parity as well as total angular momentum have

to be conserved. In photoelectron diAraction experiments
with x-ray excitation, the photon polarization is more or
less confined to a plane (unpolarized radiation) or to a

particular direction (polarized radiation). Selection rules

cause the source wave to be anisotropic for all photoelec-
trons as well as for all Auger electrons which do not form
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a pure s wave and whose initial ion (before the Auger
recombination) is not spherically symmetric, i.e., does not
have a total angular momentum of J= —,

' [22]. This
makes the analysis of data such as those presented by
Frank et al. [3,4] and Terminello and Barton [15] or
those in Figs. 2(e) and 2(f) quite involved.

Here, we shall illustrate the influence of the angular
momentum character of the source wave, although an ex-
act calculation, taking multiple scattering into account, is

beyond the scope of this work. In fact, we shall not even
introduce the above-mentioned anisotropic emission. Fol-
lowing the suggestion of Aberdam et al. [17], we have

performed single-scattering calculations [23] with the
electron source wave described as isotropic spherical
waves with s, p, d, f, g, or h character, i.e., with the an-
gular momentum quantum number I taking values of 0,
1, 2, 3, 4, or 5. This is done by summing incoherently the
single-scattering intensities within a suitable cluster for
all 2I+1 different magnetic sublevels m for a given angu-
lar momentum /. All parameters except l were kept con-
stant between the different simulations. Figure 3 indi-
cates how strongly the diffraction patterns at such low en-

ergies are affected by the angular momentum character
of the source wave. The physics behind this strong I
dependence, even for isotropic emitters, lies in the strong
anisotropy of the individual magnetic sublevel waves.
Important scattering atoms in the photoelectron near field

either are "illuminated" by or are near a node of such a
sublevel wave, and contribute accordingly to the total
wave interference. The simulations for Cu-MMM in Fig.
3 show clearly that a mainly s-wave scattering process
yields a "peak" along the [001] direction of Cu(001)
while f-wave scattering yields a "dip." Thus, the well-

established theory can produce "peaks" and "dips" within
the same formalism. The above implies that no simple
rules, as, e.g. , even or odd parity, determine whether a
maximum or a minimum occurs along particular internu-
clear axes. We note that the Cu 3p photoemission data
of Terminello and Barton [15],which involve a large por-
tion of s-wave emission [24], show indeed a maximum
along [001]. Their Auger data show a dip along this
same direction which is consistent with mainly f-
wave emission: It is well known that in the atomic
M23M45M45 Cu([Ar] 3s 3p 3d' 4s ') to Cu([Ar]
3s 3p 3d 4s')+eA„s„decay, the l=3 character dom-
inates, while the I=1 and I=5 channels are strongly
suppressed [17]. Although this Auger transition involves
two valence states (3d), it can be expected to retain more
or less the same atomic source wave character. This
same argument should, by the way, hold also for the
comparison of the Auger data from Cu(001) and
Cu3Au (001).

In order to make a quantitative comparison with such
low-energy Auger data, multiple-scattering events should
be taken into account, which is beyond our means.
Furthermore, if the Auger transition involves different

Isotropic Emitters from Cu(001) at 60 eV:
Single-Scattering Theory (172 Atoms)

WBVe wave
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FIG. 3. Single-scattering calculations for isotropic electron
source waves emanating from Cu atoms within a Cu(001) sur-

face. The spherical-wave scattering code of Friedman and Fad-
ley [23] has been slightly modified to generate this type of
source wave. At low kinetic energies (60 eV) the crystal lattice
strongly discriminates different angular moments (s,p, d,f,g,
h) of the outgoing electrons. All other parameters have been

kept constant between different simulations.

angular momentum channels, interference between these
channels needs to be considered although the relative
phases are often not known at this point. We therefore
keep the comparison at this qualitative level which still
indicates the essential ingredients that a full interpreta-
tion of low-energy data must contain.

In summary, we have demonstrated that current
diffraction theories that contain a proper description of
the angular momentum character of the outgoing elec-
tron wave [23] can well reproduce Auger electron as well

as photoelectron diffraction phenomena at high and low

kinetic energies. While the interpretation of high-energy
diffraction data is rather straightforward, low energies re-
quire a detailed calculation and the knowledge of the ma-
trix elements involved in the particular transition. We
have furthermore shown that the structural sensitivity of
such patterns is strongly enhanced at low energies. A full
theoretical understanding of these phenomena is impor-
tant not only for structural studies, but also for quantita-
tive chemical analysis of single crystal surfaces [25].
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